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PREFACE 


Recognition of photoinduced redox properties of tris(2,2’- 

2 + 

bipyrldine) ruthenium (II) Ru(bipy )2 , has spurred numerous studies 
on the complex and its related derivatives. Their optical exci- 
tations have led to population of a luminescent metal to ligand 
charge transfer (MLCT) state# which can act as an oxidizing or 
reducing agent. Current interest centers on minimizing the reverse 
reaction that follows photoinduced electron transfer and converting 
the one photon# one electron redox step into more useful multi- 
electron transfer reactions. Semiconductors# electron relay 
reagents and catalysts are being investigated as a means of storing 
electrons and imitating multielectron reactions. Another approach 
is the use of di or polymeric complexes which could in principle 
act as a two/multielectron transfer reagents when excited by 

photons. However# in such complexes# certain life time constraints 

6 

are to be satisfied. Although a nuinber of low spin d metal comple' 
xes have previously been prepared for the purpose of studying the 
intervalence charge transfer (IT) transition in the mixed valence 
systems# very few satisfy the criteria of field strength and/or 
coordination about each metal ion necessary for luminescence which 
is not necessarily a prerequisite for photo redox behavior, its 
presence is however# desireable because of its being a convenient 
probe of the excited state and its redox potentials. It will 
therefore# be interesting to work on di/polynuclear complexes of 


ix 


systems. In the thesis Group 6 carbonyl metal complexes having 
a,a'— diimine as bridging ligands have been synthesized and their 
properties have been studied which may help in the study of photo- 
induced redox properties of complexes . 

Another thrust area of the present research is the synthetic 

study of metal complex with S— N heterocycles as ligands which may 

provide information about unstable sulfur— nitrogen intermediates 

3 — 2 — 

like S 2 N 2 / ^^32 / NSCl etc. The studies of these intermediates 

can further be correlated in terms of the existing bonding theories .1 
An initial step in this direction also forms a part of the thesis. 

The sxibject matter of the first chapter reflects the scope 
and the objective of the work embodied in the thesis. A brief 
overview of the chemistry of sulfur— nitrogen compounds containing 
synthetic strategies of the various coordinating sulfur— nitrogen 
species and their modes of bonding to the metal center is given. 

This is followed by a very short account of the polymetallic 
systems and their important features. A few of the d polymetallic I 
complexes having bidentate aromatic nitrogen heterocycle as the 
bridging ligand have also been surveyed. I 

Chapter II describes the reactions of M(CO)g (M = Cr, W) | 

with the ligandS/ p-phenylene bis (picolinealdimine ) [PBP] and 
p-biphenylene bis (picolinaldimine) [bbp] whereby the complexes of j 
the type [m(CO) ^] 2 "" formed. Their reactions with 

the n- acid ligands L‘ [l' = PPh^. AsPh^/ SbPh^, Py. Diphos] have 
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been carried out yielding [m(CO) J 2 ~ ^—PBP/bbp [m = Mo, w]. 
Solvatochromisrn in the and the electronic absorption and 

emission spectral bands has been dealt in detail. The shifts in 
the solvatochromic MLCT transition bands have been correlated with 
the various solvent parameters. The energy of the MLCT transition 
has also been correlated with the electrochemical properties of 
the system. The chapter also describes some interesting obser- 
vations made in the chemical reduction of [mo (CO) ^] 2 -“ M — PBP/bbP 
with 2 n— Hg amalgam. 

Chapter III describes the reactivity of trithiazyltrichloride 
towards [m(CO) ^ (L-L) ] [m = Cr, Mo, L-L = bipy, o-phen] where 
[crcl^ (L-L) ] 2 -M - 82^2 and [m(NSC 1) Cl^ (L-L) J [m = Mo, w] were obtai- 
ned, The compounds were characterized by physicochemical methods 
and the magnetic properties of the paramagnetic complexes studied. 
From the characteristic electronic spectra of the Cr(IIl) complexes, 
ligand field parameters a, 3^5 ^55 '^ete evaluated. 

As a result of the reactions of the complexes [m(co) 2 X 2 (B-L) ] 
[m = Mo, w; X 2 - Br 2 / J- 2 ' B-L = bipy, o-phen] with trithiazyltri- 
chloride , the chlorothionitrene complexes of the metal in +6 
oxidation state were prepared. The coordinating mode of the NSCl 
in the complexes were speculated by thermolysis reactions and by 
the reactions of the diimines with the known thionitrene complexes 
of molybdenum and tungsten. This forms the subject matter of 
chapter IV . 
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Chapter V deals with a few cyclothiazeno pyridine and 
diimine complexes synthesized from [mo (N^S^) C l^ ]2 and [mo(N 2S2)“ 
Cl2]2~^”S2N2 in varying yields. An effprt has been made to 
account for the enhanced yield of the products when [mo (N 2S2) Cl^ ]2” 
IU.-S2N2 is used as a precursor. The compounds exhibited interesting 
E SR spectra showing axial distortion. The analyses of the mole- 
cular zeeman tensors (g and A) were carried out by fitting computer 
simulated line shape. Using g value shifts and the electronic 
transitional energies obtained from their electronic spectra, the 
information about the spin— orbit mixing and the molecular orbital 
coefficients for the metal ligand bonding were calculated. From 
these results the importance of cr — and tt— contributions in the 
metal— nitrogen bonding involving metal 4 d, ^^32 and diimine/ 
pyridine orbitals have been highlighted. 

Chapter VI describes the oxidation of arene tricarbonyl 
molybdentxm(O) with trithiazyl trichloride and the effect of the 
sxabstituent groups on the arene ring on the rate of reaction. A 
qualitative comparison of the oxidizing behavior of trithiazyl 
trichloride is made with other oxidizing agents. 

The last chapter gives in brief the summary of the work 
presented in the thesis along with a few suggestions and recommen- 
dations for future work. 
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CHAPTER- I 


INTRODUCTION 


I .1 Scope and Objective 

The advances in the chemistry of the most diverse and 

6 

probably the most studied complexes of d transition metal ions 

have appeared to dominate the progress in recent years. Their 

contributions in undergoing a variety of photoreactions and energy 

1 

transfer processes and in forming mixed valence polymetallic 
2 

systems partially reflect the growth in this area. Some of the 
facets of their exceedingly interesting behavior are dominated by 
the 7t— basic properties of the metal ions. Being rich in n— d 

* 

electron density, the charge can be delocalized over the vacant n 
orbitals of the ligand thus imparting a pronounced effect on the 
redox properties of the complexes. 

_ 6 

One among the various other important properties of d 

3 

complexes is their application as catalysts. These have been 
used in processes like alkene hydrogenation, reduction of aldehydes 



2 


and ketones to alcohols/ dimerization of ethylene. Group 6 arene 
carbonyls have also been used for the understanding of the reaction 
mechanism in organic chemistry. 

Most reaction mechanism studies have been focused on low 

6 

spin d systems which are thermally photosxibstitution unreactive/ 

thereby simplifying the characterizations of reactants and products. 

Ligand siibstitution represents the most common unimolecular chemical 

reaction by which electronically excited metal complexes undergo 

deactivation. The photosubstitution behavior of ligand L (L = aro— 

matic nitrogen heterocycle) in the complexes like [Ru(NH )(-L] , 

6 ^ ^ 
[Fe(CN)^L] , [w(CO)^l] is dependent upon their lowest lying 

excited state . For complexes in which the lowest triplet ligand 
field ( LF) excited state is lower in energy than the MLCT/ initia- 
lly populated manifold/ the photosubstitution reactions which 
occur upon irradiation are efficient. However/ when the MLCT 
excited state is tuned to an energy lower than the LF excited 
state by changing the nature of L, a dramatic decrease in the 
photosubstitution results. 

8 9 

Rh(lII) , Ru(II) complexes have been used for the photo— 

i 

reduction of water to H 2 * The photoreduction of H 2 O to H 2 can | 

occur with visible light by irradiation of RuCbipy)^ /RuCbipy)^'’ / i 

3 * 4 " ' 

Triethanolamine/H20/Pt systems. In a similar way RhCbipy)^ | 

complex can also be used. It also- has suitable redox potential . | 
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Despite the large amount of work on the interesting photo- 
physical properties of the complexes/ very little attention has 
been paid to the zerovalent organometallic complexes. Thus group 6 
carbonyls have the potential of forming mononuclear and binuclear 
systems having diimine as ligands L. Cr, Mo and W carbonyl fragments 
bound to nitrogen— aromatic bridging ligand have also received some 
attention in the literature as antenna fragments in the formation 
of polymetallic complexes . An advantage of the metal carbonyl 
antenna fragments is the negative solvatochromism of their MLCT 
transition in a wide variety of solvents . The energy of the MLCT 
state of the antenna fragment could potentially be tuned to probe 
or exploit the acceptor levels of the reactive fragment with the 
use of differential solvents only. 

6 

It is evident from the properties of d transition metal 
complexes described in the proceeding paragraphs that a large 
number of their very interesting properties can be studied and 
explored. We have synthesized a few bimetallic systems having 
a, a '-diimine as the bridging ligand and studied their solvato— 
chromism in detail. The interesting aspect of these reactions 
was the photoinertness of the ligand, highly absorbing MLCT transi- 
tions and emission in solution. These properties are also pre- 
requisite to study the bimolecular photocatalyzed water splitting 
and energy transfer processes. 
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Another interesting area which has attracted the attention 

of both theoreticians and experimental chemists is the chemistry 

of sulfur— nitrogen compoxinds . Though the complexes of transition 

metal ions with sulfur— nitrogen ligands were described in the early 

J- Q 1 ^ 

part of the century, they still warrant attention because of 

the useful information they provide about the unstable inter— 

+ 3 — 2 — 

mediates like NS , S 2 N 2 / ^^52 , NSCl etc. These species can be 

stabilized through their coordination with the metal ions. Since 
the discovery of unusual conducting properties of (SN) there has 
been continuous sustained interest in this area. These species 
have the potential of forming 1— dimensional materials with interest—; 
ing anisotropic properties . Though many workers have reported 
infra red spectral and crystallographic structures of a nximber of 
metal complexes containing these electron rich sulfur— nitrogen 
rings and cages as coligands, no report aimed at understanding the 
nature of bonding in these complexes has appeared in the literature .; 
The latter studies warrant attention, in particular, for the possi- 
ble solution of the problem as to why metal complexation stabilize 
these species. It is surprising that their electronic spectra and I 
magnetic properties have not been studied. The reason for the lack : 
of such a study could be due to the fact that a large number of ; 
reported complexes are diamagnetic which could not be explored | 

using the technique such as ESR. 

Another difficulty associated with the chemistry of sulfur- 
nitrogen compounds is the lack of a suitable thionitrosylating 
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reagent. From the literature known synthetic procedures it appears 
that the reactivity of the reagent depends on the reaction conditi- 
ons, nature of the metal ion, etc. Among the various such reagents, 
trithiazyltrichloride seems to be one of the most versatile reagent 
for the synthesis of these complexes. However, its behavior is 
also unpredictable. In this work, all attempt has therefore been 
made to study the reactivity of trithiazyltrichloride on the group 6 
metal complexes. The paramagnetic complexes of the metals in +5 
oxidation state (d* system) are characterized by their magnetic 
properties and ESR spectra which are particularly amenable to 
analysis. Results of these studies indicate the importance of cr andi 
Ti contributions in the metal nitrogen bonds, thereby enabling the 
study of bonding of nitrogen— sulfur species to the metal center. 

With the aims in view, we have carried out the following: 

(i) Synthesis, characterization and solvatochromic properties of 

Group 6 metal carbonyls having Schiff base of pyridine carbal- I 
dehyde as bridging ligand 

New binuclear complexes [m(C 0)^]2L (M = Cr, Wj L = p— phenyl- ; 
ene bis (picolinaldimine) [PBPJ or p-biphenylene bis (picolinaldimine) 
[bbp] are synthesized and their reactions were carried out with 
various tt— acceptor ligands . The influence of the ii— acceptor pro- 
perties of the ligands in relation to their stabilities, studied. 

j 

Their spectroscopic and electrochemical properties have been 
studied and a detailed account of solvatochromic behavior of the 
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I'lLCT transition is discussed. The results of oxidative addition 
reactions of [m(CO) ^]2PBP/BBP (M = Mo,VJ) with iodine and mercuric 
chloride have also been described. The results form the contents 
of chapter II.' 

(ii) Reactivity of Trithiazyltrichloride towards [m(C 0 ) ^ (L— L) ] 

(M = Cr, Mo, w; L-L = blpy. o-phen) 

The reactions of the trithiazyltrichloride with [m(CO) ^ (L-L) J 
(M = Mo, W,* L— L = bipy, o— phen) were carried out in dichlorome thane ; 
whereby the compounds . of the type [crCl^ (L-L) ]- 4 -S2N2 and [m(NSC 1 )-: 
Cl^ (L— L) ] (M = Mo, W) were obtained. The compounds were characteri- 
zed by the physicochemical methods. The bonding nature of the 
ligands has also been discussed. The results of these are embodied 
in chapter III of the thesis. 

(iii) Chlorothionitrene complexes of M olybdenum (VI ) and Tungsten (VI )' 

Synthesis of chlorothionitrene complexes of Mo(Vl) and W(Vl) ; 
by the reactions of M(Il) carbonyl complexes (M = Mo, W) with tri— 
thiazyl trichloride has been described in chapter IV. The compounds 
were characterized by various physical and chemical studies. I 

(iv) Synthetic and bonding aspects of cycloth iazeno complexes o f I 
Mo lybdenum (V ) 

The reactions of [mo (N2S2) Cl^ ]2 [mo (N2S2) Cl^ ] 2 “ h~S 2 N 2 
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with py, bipy or o— phen yielded cyclothiazeno complexes having py, 
bipy or o— phen as coligands in 20% and 80% yield respectively. The 
spin Hamiltonian parameters were extracted from their ESR spectra 
in polycrystalline samples and in solution (CH 2 CI 2 ) recorded at 
29 8K and from those of the magnetically dilute glass /polycrysta- 
lline sample taken at 77K. These parameters and the data obtained 
from the electronic spectra were used to calculate the molecular 
orbital coefficients. A plausible mechanism is also suggested. 
These results have been described in chapter V. 

(v) Reactivity of Trithiazyltrichloride towards arene tricarbonyl 
mo lybd e num ( 0 ) c omp 1 exe s 

Oxidation of arene tricarbonyl molybdenum (O) with trithiazyl-: 
trichloride has been studied at room as well as at low temperature 
(-78°C) . The effect of substituent group on the benzene ring in 
relation to the rate of reaction was studied and a comparison of 
the reaction rate was made with other oxidizing agents. The 
preliminary results of these reactions have been given in chapter VI: 
of the thesis. I 

Considering the fascinating aspects of the syntheses and 
versatility of the sulfur nitrogen ligands, it will be appropriate j 
to have a brief overview of the work done so far with these mole- 
cules. This has been described in the following part of the intro- 
duction. The latter part of the introduction gives a short account; 
of the bimetallic systems, and their important properties. 
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1.2 Complexes of Inorganic Sulfur— nitrogen ligands 

Though to a casual observer, the methods used for the 

preparation of S-N heterocycles are often obscure and even the 

expert will be having some difficulty in predicting the nature of 

such reactions . The S— N heterocycles can in general be prepared 

by treating S2N2CI2 or (NSCl)^ with various reagents. 

and cyclothiazyl halides can be synthesized conveniently from 

ammonia or ammonium halides and sulfur halides. The other routes 

for the syntheses of S— N heterocycles include Si— N or Sn— N reagents, 

metallocyclothiazenes, S— N cations, anions and oxides. An excellent; 

review has already appeared in the literature covering the synthesis, 

13 

properties and the nature of bonding in S-N compounds . Since our : 
interest in the thesis lies in synthesizing the complexes formed 
by the sulfur— nitrogen compounds, the following is a very brief 
overview of the advances made related to their chemistries in the 
recent years. 

I. 2a Complexes of Sulfur-nitrides 

(i) Thionitrosyl complexes 'NS * 

Despite a wide development of nitrosyl chemistry, it is only | 
in recent years that compounds containing thionitrosyl ligand have 
been prepared. The first thionitrosyl complexes of Mo, Re and Os 
were first reported in the literature by Chatt and coworkers in 

14-lf; 

1974 from the reactions of their nitrido complexes with sulfur. " '1' 
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MoN(S2CNR2)3 + Sq ^ Mo(NS) (S 2 CNR 2)2 .. (l) 

R 2 = 2Me, 2Et or (CH 2 )^ 

The same preparatory route has recently been extended to Tc(l} and 

17 

Tc(Il) complexes 

L^TcCl 2 N + S 2 CI 2 > L^TcCl^CNS) .. (2) 

L = PhMe 2 P/ X = 2 or 3 

+ _18 ■ _19 

The use of NS salt with PF^ , AsP, etc has the potential to 

D D 

become a general method of synthesis but the approach has been 
exploited only for a few reactions . 

(CgHg)Cr(C0)2 + [NS][PFg] -— -■ ■ > [cr (NS) (MeCN) [PFg ]2 .. ( 3 ) 

[cpFe (00)2302] [AsFg] + [Ns][AsFg] ^ [cpFe (CO) 2 NS ] [AsP^ ]2 + SO2 

*. (4) 

4. 

Use of (NSCl)^/ trithiazyltrichloride as a source of NS was first 

20 

reported in 1978 by Kolthammer and Legzdins for the organometallic 
thionitrosyl complexes 

NaLcpCrCcO)^] + (NSCl)^ > CpCr{C0)^NS + CO + NaCl .. (5) 

During the same period/ the use of (NSCl)^ has also been explored 

by Agarwala and coworkers for the synthesis of thionitrosyl comple- 

21-24 

xes of Ru, Os/ Co etc. 
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[ruCI^ (PPh2)2] + (NSCl)^ [ru(NS)C 12 (PPh2)2] 

[coH^COPh^) j^] + (NSCl)^ > [co(NS)Cl2|p(OPh2) J 2 ] 

[co (NSO) CI 2 jp (OPh^ ) j 2 ] 


. . ( 6 ) 


. (7) 


Recently, the use of has also been reported in the synthesis 


of NS complexes 


25 


PPh Cl 

RSjCl^O + -CH^CI^ [PPhJ[Re(HS)Clj,] 


( 8 ) 


Although a number of thionitrosyl complexes have been 
reported, only a few ones have been characterized by X— ray crys- 
tallography. In all the complexes M— N S unit is essentially 
linear and xinlike metal nitrosyls there are no confirmed examples 

of either bridging or bent thionitrosyl ligand. The + band in 

iMo 

the thionitrosyl complexes fall in the broad range of 1065—1390 

—1 13 14 

cm . Other studies like C and N NMR have been carried out 

26 

on these complexes and the results are compared with the 
nitrosyl analogues . 


(ii) Complexes of disulfurdinitride (S 2 N 2 ) 


Due to the difficulties in synthesizing free S 2 N 2 
low stability, the complexes of S 2 N 2 have not been obtained by tlie 
reactions of S 2 N 2 and the metallic salts/complexes . Instead, 
coordinated S 2 N 2 has been used as a source of 82^2 for their pre- 
parations. The most commonly used S 2 N 2 source is its complex 
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formed witli strong Lewis acid like S2N2/ 2BCI2 • The latter is 

obtained from the reaction of S2N2 dissolved in methylene chloride 

o 2*7 

with an excess of BCl^ at —78 C. The other complexes are usually 
prepared as 

CH^Cl^ 

RuCl 2 (C 0 ) 2 (PPh 2)2 + S2N2.2AICI2 — ^ ^ [ruC 1 (S 2 N 2 ) (CO) 2 (PPh^) 2J - 

A 1 C 1 ^“ + AlCl^ .. ( 9 ) 

Several cases are known in which the reaction of with a Lewis 

acid directly yields an S2N2 complex with the Lewis acid. Their 
reaction kinetics is not known/ though it is assumed that initially 
a donor— acceptor complex between and the Lewis acid is formed 

V 28 

which on thermolysis gives the required 82^2 complex. 

2S^N^.TiCl^ ^ 2S2N2.TiCl^ + .. (10) 

29 

These complexes can also be formed by the direct action of . 

2 MoBr^ + 2 S^N^ > [MoBr^ (N2S2) ]2“<^“S2N2 + ^ 2®^2 ** 

2M(C0)g + 2S^N^ + 4Br2 > [MBr^ (N 2 S 2 ) ]2“^J>'-S2^2 

M = Mo, VJ . . ( 12 ) 

(NSCl)^/ trithiazyltrichloride has also been used for the syntheses 
of S2N2 complexes. The interaction with a metal halide possessing 
Lewis acid properties can occur between the nitrogen atom of 

the monomer, NSCl or nitrogen atom of the trimer (NSCl)^/ followed 
by ring cleavage . In either case, formation of a donor— acceptor 
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30 31 

complex between the metal halide and a NSCl molecule results'^ ' 
which immediately yields S 2 N 2 complex by a secondary reaction, 

2MCl^ + 2NSC1 > 2[C1^-M-N = S ^ [cl^-M-S2N2“MCl^] + CI 2 

M = Nb, Ta .. (13) 

depending upon the reaction conditions and the metal involved. The 
same reaction leads to different types of products under different 
reaction conditions . Polar solvents influence the reaction paths 
of the metal halides with trithiazyltrichloride . The nature of 
soluble donor— acceptor complex formed during the reactions also 
seem to play a dominant role. 

2CuCl + (NSCl ) 2 + 2MeCN ^ N 2 S 2 •2CuCl-2MeCN — > N2S2*2CuCl 

.. (14) ; 

MoCl^ + (NSCl ) 2 > S2N2[moC 1^ (NSCl) ]2 + 2SCl2^^ .. (15) 

Trithiazyltrichloride reacts with powdered chromium, chromium oxide ? 

and other group 6 metal carbonyls to yield S 2 N 2 and other (S-N) 

29 3 3 

ligand complexes, depending upon the reaction conditions. ' Thus; 
Cr + 2{NSC1)2 > S^N 2 '*'[S 2 N 2 -CrCl^]“ + ^ ^2 + CI 2 •• (16) I 

i 

M(C0)g + (NSCl)^ > [mcI^ (N 2 S 2 ) ]2 + ^2^12 + 12 CO .. (l?) j 

M = Mo, W 

34 

Trithiazyltrichloride reacts with nitrides to give S 2 N 2 complexes. | 
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[ReNCl^ .P0Cl2]4.2P0Cl2 > [ReCl^ (NSCl) ]2 .S2N2 + 2N2 

+ 2CI2 + SPOCl^ •. ( 18 ) 

Although S2N2 tannot be obtained by the pyrolysis of S(NS0)2/ the 

elimination of SO2 from this precursor in the presence of TiCl^ 

35 

gives TiCl^.S2N2 in 95 % yield. 

CH^Clp 

S(NS 0)2 + TiCl^ ^TiCl^.S2N2 + SO2 .. ( 19 ) 

In almost all the well characterized 82^2 complexes, S2N2 is 

bidentate bridging ligand with nitrogen atoms as donor site. The 

geometry of the coordinated S2N2 molecule is not substantially 

different from that of the square planar free ligand. The one 

exception where S2N2 monodentate is [ (PPh^) 2 (CO) 2 (82^2) R^Cl]— 

[asCI^J. By complexation of both the nitrogen atoms, the local 

symmetry is preserved exactly or to a good approximation and 

the selection rule remains same as for the free ligand. The out 

of plane deformation essentially is uninfluenced by complexation 

—1 

and is always observed as a sharp and intense band at 470 cm 

—1 —1 

The mode, however is shifted from 795 cm to 860 cm . Owing 

to the high intensity and characteristic wave n\araber, the 860 cm ^ 

band is ideally suited for the identification of S2N2 ting in the 

complex. A detailed account of other spectroscopic measurements 

3 S 

are presented in a review by Dehnicke and Muller. 
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(iii) Complexes of Tetrasulfur- tetranitride 

A nuntoer of adducts of with transition metal halides 

37 38 

like MoCl^ . , TiCl^.S^N^ etc. have been reported in the 

early literature. These can be synthesized by the direct treatment 

39—41 

of with metal halides. In addition to the adduct format- 
ion/ these reactions lead to the fragmentation of to give 82^2 

complexes or redox- reaction with the formation of S— N cations or 
cyclometallathiazenes . 


CUCI2 

VCI2 


S 4 N- 

S 4 N 


CH2CI2/ CCl^ 




CuCl2.S4N^^^ 

VC1^S2N2 + [VC12(N2S2)] 


.. (20) 

42 

..( 21 ) 


In all the adducts characterized so far by X— ray crystallography, 
is coordinated to the metal via one of the nitrogen atoms . 

The structural consequence of this coordination is the disruption 
of cross S— S bonds of to give the boat shaped eight membered 

ring wi-th approximately coplanar sulfur atoms and similar S— N bond 
distances . Another coordination mode exhibited by is where 

metal is bridged via 1,3 bidentate ligands, e.g. in CuCl 2 *S^N^. 


I. 3b Complexes of Thiazyl Halides 
(i) Thiazyl Fluoride 

4' 

The chemistry of NSF has been surveyed by Glemser and Mews.' 

The bent NSF molecule^'^ can be easily synthesized by the decompo- 

43 

sition of FC( 0 )NSF 2 or Hg(NSF )2 hu.t its moisture sensitivity and 
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thermal instability makes it difficult to handle. Its complexes 

45 

can however be prepared in liquid sulfur dioxide. 

[m(S02) 2][AsFg]2 + 6NSF > [m(NSF) g ] [ asF^ ] + 2 SO 2 .. (22) 

[Re(C0)^S02][AsPg] + NSF [Re (CO) ^NSF] [asF^] + S02..(23) 

(ii) Thiazyl chloride 


The first transition metal complexes of NSCl was discovered 
4T 

in 1982 and within a few years these compounds have become a well 
established group of S— N complexes. Trimeric (NSCl)^ has proved 
to be a convenient route for the preparation of M— NSCl complexes . 
However the reactions give rise to other complexes also having 
different S— N heterocycles as ligands. 


M 


MCl^ + (NSCl ) 2 
Nb, Ta 

VCl^ + (NSCl) 2 

ReClc- + (NSCl) _ 
5 3 

»°2=ho 

Mode- or WCl, + 
5 6 


> MCl^ (NSCl)^®''^^ ..(24) 

> [vcl^ (NSCl) ] 2 ^° ..(25) 

P0C1_ 

— ^ [ReCl^ (NSCl) (POCl^) J + 

[ReCl^ (NSCl) 2 (POCl 2 ) .. (26) 

CH^Cl^ POCl 

+ (NSCl ) 2 ^ [mCI^ (NSC l) ]2 ^ 

[mcI^(NSCI) (POCI 2 ) .. i27) 
(NSCl) 2 ^ [M(NSCl)^J2-h-S2N2^^ .. (28) 
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Mo 2C1 ^q or HoCl^ + (NSCl)^ ^ [n(SC1) 2 ] [Mo (NSCl) (29) 

OsCl^ + (NSCl)^ ^ [OsCl^(NSCl) .. (30) 

M— NSCl complexes can also be prepared by the use of S2N2CI2 with 
metal halides 

CCl 

vrcig + S2N2CI2 ^ [n(sci)2][wci^(nsci) .. (31) 

CH^Cl^ 

ReCl(- + S_N„C1„ -: ■■■■'■ > [ReCl. (NSCl) > 

5 3 2 2 pocl^ 3 2-'2 

[ReCl^ (NSCl) 2^0012]^^ .. (32) 

The NSCl complexes can also be prepared by (1) Addition of 
chloride ion to coordinated NS groups (2) Insertion of NS 
into metal halogen bond and (3) Halogen exchange of coordinated 
NSF. 


SO 


[Re(CO)-Ns][AsF ] + CsX ^ [Re (CO) .NSX] [A sF, ] + CsAsF 


SO. 


[Re(C0).Xj + [ns][asF.] ^ [Re(C0).NSX][AsF, j 


..(33) 
. (34) 


SO. 


[Re(C0).NSF][AsF.] + -rSiX, ^ [Re (CO) p-NSF] [asF. ] + 


X=Cl,Br 




. (35) 


The neutral M-NSCl complexes can be converted into ionic soluble 

complexes by the treatment of R^PCl or R^AsCl (R = Me# Ph)^^'^^ 

CH^Cl^ 

[ReCl^ (NSCl) 2(^0013) ]+ AsPh^Cl ^ — % .. (36) 


[AsPh^][ReCl^(NSCl) 2 ] •CH2CI2 
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[MoCI^ (NSC l) POCl^] + R^ECl ^ [r^e] [MoCI^ (NSC l) ] .. (37) 

E = P/ As 

On thermolysis chlorothionitrene complexes (M-NSCl) yield nitrido 

complexes and provide a new synthetic route for the synthesis of 

52 

transition metal nitrides. 

[ReCl^CNSCDPOCl^] + AsPh^Cl > [AsPh^ ] [ReNCl^ ] .. (38) 

[MoC 1 ^(NSC 1 ) 2 ] - -- > 2 M 0 NCI 2 + 2 SCI 2 .. ( 39 ) 

The weakly coordinated NSCl ligand can be sxibstituted by chloride 
50 

10 ns . 

[mcI^(NSCI)] + AsPh^Cl > [Ph^As][MClg] (40) 

M = Mb, Ta 


Reaction of tv/o NSCl ligands with triphenylphosphine result in the 

coupling of the adjacent thionitrcsyi groups with the forroation of 

58 

novel metallathiazene ring. 

.NSCl PPh 

(Cl^OP)ReC — [PPh_Cl][cl,Re^ ] (41) 

^ ^NSCl ^ 

The bonding in metal-NSCl complexes has been described in terms 
of resonance structures I and II. Spectroscopic and X-ray data 
indicates the dominance of structure I . 


4 * 

M=N=S. 

^Cl 



I 


II 
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Complexes having the dominance of structure I exhibit a characteri- 
stic strong band at 900-1000 cm ^ assigned to v (I'lNS) / while the 

3.S 

one with larger contribution of resonance structure II display a 

band at 1290—1360 cm ^ due to v„ 

N=S 

(iii) Thiazyl Bromide 

Unlike trimer (NSCl)^/ (NSBr)^ is unknown at present. However 

monomeric NSBr has been prepared by the pyrolysis of S^N^Br in gas 
59 

phase. NSBr complexes have been prepared by bromide addition to 

the coordinated NS, by the insertion of NS'*' into the metal halogen 

bond or by the halogen exchange at coordinated NSF. These reactions 

are similar to the ones already described [Reactions 32—34]. The 

bromothionitrene complex has also been prepared by treating tl\e 

6 0 

thionitrene complex with an excess of trimethylsilylbromide . 

[WCI^ (NSCl ) ]2 + 10 Me^SiBr ^ [WBr^ (NSBr ) ]2 + lOMe^SiCl ..(42) 

Cyclometallathiazenes and related complexes 

A cyclometallathiazene is defined as a ring system consist- 
ing only of sulfur and nitrogen and one or more metal atoms. 
Cyclometallathiazenes have been formally considered as complexes 

between cationic metal fragments and binary S— N anions in which 

61 . 

both sulfur and nitrogen atoms are two coordinate. 
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(i) MS^Nj 


The five membered cyclometallathiazenes MS2N2 can be regar- 

2 — 

ded as derivatives of dianion, disulfurdinitride, ^2^2 • Most 

1 have been synthesized by the 
reactions of various metal complexes with . 


liq.NH Qr\_Qo° an dA 

Pbl,, + S,N, ^ PbS2N2(NH,)^^ .. ( 43 ) 


^ A A 

4 4 


Pb(N 03)2 + S4N4 


2 2 


CHCl 


NH. 


^ PbS2N2^^ 


.. ( 44 ) 


It seems that the formation of mononuclear MS2N2 from low 

valent metal complexes involve initial coordination of to the 

metal center which promotes cleavage of to S2N2/ followed by 

oxidative addition to the metal . Recently a number of dimeric 
complexes of S2N2 rings have been reported where one of the metal 
bonded nitrogens of each MS2N2 ring is also coojrdinated to the 
other metal atom e.g. [Ph^p] [wi^ (S2N2) 4]^^ • 


(ii) ^ 

Transition metal complexes containing five membered MS^N 
ring are an important and rapidly growing class of cyclometalla— 
thiazenes. They differ from other ring systems in the presence 
of an S-S bond. Recently [ (PPh^) 2N] has been isolated 

and this reagent provides a convenient route for the syntheses of 
their complexes. 
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CuCl + [ (PPh 2 ) 2 N][S 3 N] — 

— > [ (PPh2)2N][CuCl(S2N) 

.. (45) 

AgNO^ + [ (PPh2)2N][S2N] - 

» [ (Ph2P)2N][Ag(S2N)2]^^ 

.. (46) 


Recently deprotonation of S^NH with BuLi, followed by trapping of 
in situ generated S^N ion/ by Au in HAuCl^ yielded [AUCI2 Cs^N) ] 


(iii) 

The discovery of complexes containing the six membered 
MS2N2 ring is one of the most recent and significant developments 
in transition metal chemistry of sulfur and nitrogen. 

[cl2VS2N2]^, the first reported MS2N2'^^ complex has been 
prepared by the reaction of with transition metal halides. 

CH^Cl^ 2 

M02C1^q/WC 1^ + ^ [cl2M(S2N2]2 •• (48) 

M = MO/ W 

The reaction of molybdenum carbonyl with (NSCl) ^ was first 
described by Jolly”^^ who formulated it [mos^N^CI^]. However, the 
latter studies showed it to be [mo (N 2S2) Cl^ J2 • With slight 
variation in the reaction conditions, the same reaction yielded 
[mo (N2S2) Cl^ ]2“M-“S2N2'^^ . The tungsten analogue [w (N2S2) Cl^ j2'^^ 
has also been prepared by the reaction of (NSCl)^ on WOCl^ or 
VJSCl^. 
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Transition metal nitrido complexes have also been used in 

*7 O 

the syntheses of MS2^'^3 tings. [mo (N 2S2) Cl^ ]2 is obtained by the 

75 

treatment of MoNCl^ with (NSCl) ^ in CCl^ . The cyclization of 
the complex of the type [mc 1,(NSC1)J by the treatment with 

*A. 

Me^SiNSNSiMe^ potentially represents a controlled synthesis of 
the HS 2 N 2 ring."^^ 


The structural data of the M(S 2 N 2 ) groups are compared with 

7 ft 

those of the related heterocycle Ph 2 PS 2 N 2 * thiazene segment 

of the ring in the mononuclear complexes is planar like that in 
Ph 2 PS 2 N 2 while the metal atom is tilted out of plane. The cyclo- 
metal lath iazenes are regarded as complexes of hypothetical trianion 


^2^3' 


The IR spectra of 1132^2 complexes show bands between 1000- 


900 cm ^ assignable to 


(iv) 

The only complex of this eight membered ring system 

in which one of the sulfur atom of is replaced by transition 

^ *7 Q 

metal is [GP 2 TiS 2 N^J. 

(v) 

The only representative example of ring system is 

[clPtS^N^]'^^ which has been prepared from . The ring 

is foarmally derived from hypothe’tical anion which is 
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coordinated to the metal atom as bidentate ligand via terminal 

80 

sulfur atoms and the central nitrogen atom. 

(vi) MS 2 N^ 

81 

The only example known for this system is the dimer 



6 

1.3 Bi/Polymetallic Complexes (d System) 

Transition metal polymetallic complexes have been of interest 

as they norish diverse chemical applications such as efficient 

82 

conductors# surface coatings , synthetic models for active site 

QO 

of cytochrome C , photocatalyzed processes and electron exchange 
84,— 

processes. One of the area of recent interest is their use 

in converting solar radiation to usable chemical potential 
87 88 

energy. ' In developing such systems there are many constraints 
that limit the selection. The desirable system should# in general, 
have three components: 1) A highly absorbing (antenna) metal center 
which absorb visible light but is photochemically unreactive’ 2) A 
second metal center which undergoes a useful chemical reaction from 
a non— spectroscopic excited stated and 3) A bridging ligand which 
couples the two metal fragments and facilitates intramolecular 
energy transfer from the antenna to the reactive fragment. 



23 


Over the past decade many workers have studied photo— 

4 89 90 9l 

chemical ' ' bimolecular energy transfer and electron trans— 

92—94 

fer reactions of Ru(II) complexes of various nitrogen-hetero- 

cyclic ligands like sx±)stituted pyridines and pyrazine. A variety 
of pentaammine ruthenium ( II) and pentacyanoferrate systems have 
been explored where the antenna fragments were coupled through 
monodentate bridging ligand to pentaammine rhodium(IIl) and 
penacyano cobaltate (III) reactive fragment. Although the energy 
transfer reactions were observed in these systems, the major draw- 
back was the thermal and photochemical instability of the metal — 
ligand— metal bridge. These preliminary studies suggested the use 
of chelating bridging ligands to maintain the integrity of the 
complex during the photon absorption/energy transfer/ remote react- 
ion sequence. 

I .3a Bridging Ligands 

Studies on the thermal stability and the electrochemistry 
of bimetallic complexes illustrate that additional factors, besides 
the stability of the metal-bridging ligand— metal unit through 
chelation, need be stressed. In addition to the sites of attach- 
ment, another factor in complex stability is the overall charge 
on the polymetallic unit. In situations where large positive charge 
is built up, there is a tendency for the complex to decompose to 
monometallic fragments . Addition of anionic ligands on the metal 
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center or designed into the bridging ligand reduce the charge on 
the system. 

Most of the bridging ligands forming chelates with metal 
centers have highly xinsaturated aromatic 7i-systems . 

I. 3b Antenna Fragments 

In developing highly absorbing but photochemically inert 
metal centers# low valent d complexes of Fe(ll), Ru(Il) , W(0)# 

Mo(0) and Cr(0) were used. These systems were selected because of 
the thermal stability and intense MLCT transitions associated with 
complexes of these metal containing aromatic nitrogen heterocyclic 
ligands . Another interesting feature is their solvatochromic MLCT 
whereby# by changing the nature of the solvent# the energy of the 
MLCT transition can be tuned to a point lower than the correspond- 
ing ligand field excited state. 

The electrochemical behavior and Mossbauer# resonance Raman 
and nuclear magnetic resonance spectral studies on the various such 
fragments have supplied valuable information in designing poly- 
metallic complexes capable of driving useful photochemical reactions 
with visible light. Table I.l summarizes such systems# their bridg- 
ing ligand L and the important properties studied for these systems. 



Table I. 1. Bi/polymetallic Systems, Bridging ligands and their important properties studied 
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Chapter — II 


Synthesis, characterization and solvatochromic 
properties of Group 6 metal carbonyls having 
Schiff base of pyridine carbaldehyde as 
bridging ligand 


Recognition of electronic interactions between the metal 

centers through a common binucleating ligand has spurred numerous 

studies of bi— and multinuclear transition metal complexes. A 

number of ligand bridged metal complexes have been synthesized 

and studied in context of intramolecular redox processes and the 

cooperative interactions between the metal centers. Such 

complexes are catalytically active in several multielectron 

processes like 'water oxidation' and serve either as highly 

communicative electron transfer molecular framework or directly 

absorb or transfer energy."^ Several complexes with cT /71 donor/ 

15—24 

acceptor ligands have been synthesized in this context. We 

therefore suppose that a study of the complexes of Group 6 Ccr, 

Mo, W) metal carbonyls [ m (CO) with binucleating Schiff base 
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ligandS/ p— phenylene bis (picolinaldimine) (hereafter referred as 
PBP) and p-biphenylene bis (picolinaldimine) (hereafter referred 
as BBP) as L and with various cr /n donor/acceptor ligands as L' 
will be most interesting. They can be expected to possess a 
large delocalized n-unsaturated ring system similar to 2, 2 ’-bipyri- 
dine or 1 , 10— phenanthroline . This should exhibit a visible absorb- 
ing solvatochromic MLCT band whose positions will be susceptible 
to the electronic and steric properties of the ligand L' (L'siPPh^/ 
AsPh^, SbPh^, Py, Diphos) . 

Additionally the current involvement of the seven coordina- 
ted complexes [mX 2 (CO) 2 L 2 J [m = Mo, W» X = Cl, Bri L = PPh^/ AsPh^ ] 

in catalytically ring opening polymerization of norbomene and 
25 

norbomadiene prompted us to examine the oxidative elimination 
reactions of [m(C 0) ^ (M = Mo, W', L = PBP, BBP). This 

chapter reports the syntheses, electronic (absorption, emiss- 

ion) and infrared spectra and their solvent depandance, electro- 
chemistry, NMR and oxidative-reductive behavior of [mo(CO)^] 2 “ 
(PBP/bbP) and [mo(C0)2L' ] 2 (PBP/bBP) complexes. 

II. 1 Experimental Section 
( i) Materials 

Metal carbonyls were purchased from Fluka Chemical Co. The 
ligands, p-phenylene bis (picolinaldimine) (PBP) and i>-biphenylene 
bis (picolinaldimine) (BBP) and their complexes [mo(CO) ^] 2 PBP/bbP 
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24 

were prepared by the literature methcxi. Pyridine 2-carbaldehyde/ 
p-phenylene diamine and benzidine were purchased from E. Merck, 
Germany. Solvents were purified and dried before use. Elemental 
analyses were performed at the Microanalytical laboratory of I.I.T. 
Kanpur, India . 

(ii) Instrumentation 

Infra red spectra of solid samples as KBr pellets and as 
solution in sodium chloride cells were taken on Perkin Elmer IR 
spectrophotometer model 580. 

Electronic absorption spectra were recorded on a Shimadzu 

model UV— 190 double beam spectrophotometer with matching quartz 

cells and the emission spectra were recorded by exciting samples 
■f* 

using Ar ion laser lines (spectraphysics 165—09) and detecting 
by using a cooled PMT (C— 31034) of the Spex Spectrometer. The 
quantum yields of the emission could not be evaluated as the 
samples underwent local burning due to high power exciting laser. 

Proton NMR spectra were recorded on EM-390, 90 MHz NMR | 

using deuterated chloroform as internal standard. 

Cyclic voltammograms of the samples were obtained in dichloroj 

1 

I 

methane solution using TBAP as supporting electrolyte. The CV 
measurements were performed using a three electrode potentiostatic 
circuit and a MPI model MP— 1042 voltammetry controller and Plotama— | 
tic MP 715 X-Y recorder. A Beckman Pt electrode, a Pt wire counter i 
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electrode and saturated calomel electrode constitute the three 
electrode assembly. All the potentials are referred to SCE. The 
redox potentials of the compounds were recorded at various scan 
rates from 50 mv/sec to 500 mV/sec. 

The X— ray powder pattern of the samples were recoixied with 
ISO— Debyef lex 2002 diffractometer. 

The ESR spectra in tetrahydrofuran were recorded on Varian 
109 E/ X— band spectrometer at room temperature as well as liquid 
nitrogen tempe ra ture . 

Preparation of Complexes 

(A) [m(C 0)^]2PBP/BBP (M = Cr or W) 

Metal hexacarbonyl (1 mmol) and the ligand (.5 mmol) in the 
mole ratio of 2: 1 were refluxed in 20 ml of toluene under nitrogen 
for 20 h whereby the color of the solution changed to dark green. 
The insoluble chromium compound (dark brown) was separated from 
solution which was washed with benzene and petroleum ether. In 
the case of tungsten complex a reddish brown compound was precipita- 
ted from the reflinced. hot solution by the addition of petroleum 
ether. Though its soliobility in CH. 2'^^2 other organic solvents 
is small it was recrystallized by dissolving it in relatively 
larger volxome of dichlororae thane/ precipitating it with petroleum 
ether and washed a number of times with petroleum ether. The 
complexes were dried vacuo and analysed (yield/ ca 60% ) . 
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(B) Reaction of [Mo (CO) ^] 2 PBP/bbP with Zn-Hg aitialgam 

The suspension of [mo (CO) ^ j 2 PBP/BBP (.25 nimol) in 20 ml of 
tetrahydrofuran was stirred with excess of 2-3% Zn-Hg amalgam 
under nitrogen atmosphere for 24 h whereupon the complex went in 
solution and the color changed from violet to deep red. It was 
filtered to remove Zn-Hg amalgam and other insoluble materials 
(if any) . The red filtrate was concentrated at reduced pressure 
to about 5 ml and light petroleum ether was added to the concen- 
trate . The red colored compound, thus obtained was separated by 
centrifugation and dissolved in dich lorome thane . The solution was 
loaded on a silica gel column (100—140 mesh) of 25 cm x 2 cm dimens- 
ion and was eluted slowly with dichloromethane. The red fraction 
as the major band, was collected and concentrated to nearly 5 ml 
at reduced pressure. Addition of petroleum ether to the concen- 
trate, separated the red compound, which was filtered, washed with 
petrolexxm ether and dried vacuo (yield, ca 80% ) . 

(C) [mo(C0)2L' J 2 PBP/BBP (L* = AsPh^, SbPh^ , Diphos, Py) 

(i) To a solution of [Mo(C0)^]2PBP/bbP (.25 mmol) in 20 ml 
of tetrahydrofuran an excess of the ligand L* (l.O mmol) was added. 
The mixture was refluxed under nitrogen for 24 h. The dark green 
solution, thus obtained, was filtered* to remove insoluble 

*When L'siAsPh^, SbPh^, Py» the solution was filtered and worked 
up under nitrogen atmosphere. 
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impurities, if any, and petroleum ether was added to the filtrate, 

★ ic 

whereupon a green compound was obtained. It was recrystallized 
from dichloromethane/petrolexim ether, washed with petroleum ether 
and dried vacuo . The complex was dissolved in the minimum 
amount of dichloromethane . The solution was loaded on a 25 cm x 
2 cm diameter silica gel column (100—140 mesh) and was eluted 
slowly by dichloromethane. The eluate was concentrated at reduced 
pressure. Addition of the petroleum ether to the concentrate 
precipitated a green compound, which was separated by filtration, 
washed a number of times with petroletim ether and dried vacuo 
(yield'-40% ) , 

(ii) To the tetrahydrofuran solution obtained after the 
Zn— Hg amalgam reaction (cf. Exptt. B) excess of the ligand L' was 
added and the solution was refluxed under nitrogen atmosphere for 
4—5 h. The color of the solution changed to dark green. The 
compound was separated from the solution thus obtained by the 
procedure similar to that given above (yield, ca 80% ) . 

(D) [w(C 0)2L' J^PBP/BBP (L'=PPh 2 , AsPh^, SbPh^ , Diphos, Py) 

To a solution of [w (CO) ^] 2 PBP/bbP (0.25 mmol) in 20 ml of 
toluene, an excess of the ligand L' (1,0 mmol) was added. This 

ik“k .... 

For L* = SbPh^, Py# a little exposure to air during recrystalli- 
zation decomposed the compounds immediately. 
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mixture was refluxed under nitrogen for 24 h. The dark green 
solution, thus obtained, was worked up by the procedure reported 
in [(C)(i)] (yield, ca 40%). 

(E) [m(CO) 2 I 2 ] 2 PBP/BBP (M = Mo, W) 

To the suspension of [m(C0) ^] 2 PBP/bbP (.25 mmol) in 25 ml 
of tetrahydrofuran, iodine (.3 mmol) was added and the solution 
was stirred for 4—5 h, whereby the color of the solution changed 
to orange brown. The resulting solution was filtered and the 
filtrate was concentrated to 5 ml under reduced pressure. Excess 
of petroleum ether was added to the concentrate whereupon orange 
brown microcrystalline complex was obtained. It was separated by 
centrifugation and recrystallised from tetrahydrofuran/petroleum 
ether, washed with petroleum ether and dried vacuo (yield, ca 
40% ) . 

(F) [m(C 0)2 (HgCl) (Cl) ] 2 PBP/BBP (M = Mo, W) 

To the suspension of [m(C0) ^ ] 2 PBP/bbP in 20 ml of tetra— | 
hydrofuran, stoichiometric amount of mercuric chloride was added 
and the solution was stirred for 4—5 h whereby the color of the ! 
solution changed to bright orange red. The solution was filtered 
and the filtrate was concentrated to about 5 ml at reduced pressure; 
Petrolexam ether was added to the concentrate, whereby an orange 
compound separated out. It was filtered, recrystallized from : 
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tetrahydrofuran/petrolevim ether/ washed with petroleum ether and 
dried iui vacuo (yield, jca 50 ) . 

II. 2 Results and Discussion 

II. 2a Synthesis of Complexes and their Reactivity 

The synthesis of new complexes given in Table II. 1 proceeds 

24 

in good yield using well known literature method. The binuclear 
complexes of molybdenxam [mo (CO) ^]2BBP/PBP have already been repor- 
ted, those of tungsten and chromium [ M(C0) ^ J 2 PBP/BBP which were 
not synthesized prior to this work, were obtained in good yield by 
refluxing the respective metal hexacarbonyls with PBP/bbP in toluene! 
Attempts to prepare the complexes in benzene yielded the original 
reactants and the higher boiling point solvents like xylene, resul- 
ted in decomposition products. The solubility of these complexes 
varies as Cr<<Mo<^W. Thus chromium complexes were practically 
insoluble in nearly all the organic solvents, tliose of molybdenum, 

[ 

solxible in DMP and practically insolxible in CH^QH, CH 2 CI 2 and 
benzene while those of tungsten, partially soluble in the same j 

solvents . 

The complexes of [m(C0) ^ J 2 PBP/BBP (M = Mo, W) reacted with 
four and two equivalents of iodine and mercuric chloride with the 
release of two molecules of CO to give Mo/w, I 2 and HgCl 2 derivati— J 
ves, [m (CO) 21212^®^/®®^ [m(C 0) ^ (HgCl) Cl] 2 pBP/BBP respectively, j 

They were found to be diamagnetic, non electrolyte, relatively j 
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stable in air. The chemical behavior of these complexes which 
was similar to [m(CO) ^ (bipy) I2] or [m(CO) ^ (bipy) (HgCl) Cl]^^”"^^ 
suggested their structure as seven coordinated species. The oxi- 
dation of tetracarbonyl complexes by Br2 resulted in the formation 
of possibly the complexes [MBr^ ]2 PBP/bbP in which metal is present 
in the +4 oxidation state. These compovuids were highly unstable 
and within a couple of hours after isolation, they started becoming 
oil. Only analytical data, which could be obtained, were the analy- 
ses of bromide. Its IR spectra didnot exhibit any band due to 
carbonyl groups. We have therefore tentatively assigned its 
structural formula as [l 4 Br^] 2 PBP/BBP. 

All attempts to oxidize analogous chromivim complexes using 
I2/ HgCl2 and Br2 as oxidants by refluxing [cr (CO) ^]2PBP/BBP in 
various low and high boiling point solvents were unsuccessful. In 
every case the original compoxind was separated after the reaction 
was over. It is presumed that their complete insoliibility in the 
reaction medium explains their reluctance to undergo oxidation 
reactions. The lack of any chemical reactivity was also observed I 
in other reactions boo as described further in this chapter. 

The compounds [m(CO) ]2PBP/bbP, where L' = AsPh^, 

SbPh^, Diphos, Py, were highly soluble in most of the common organic 
solvents except those of hydrocarbon types. They were highly air 
sensitive and got oxidized to an insolxible product which was analy- I 
zed as Their sensitivity varies as PPh^^AsPh^^ 

SbPh2<^y. We were, therefore, able to isolate and store triphenyl— 
phosphine complex for a day or so. Arsine one for a couple of 
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hours, stibine and pyridine ones, for several minutes only. It 
was therefore possible to complete our studies only on phosphine 
and arsine derivatives while stibine and pyridine complexes were 
partially studied. It appears that the stability of [mCcO^L*]^- 
PBP/bbP is controlled by the net charge accumulation on the metal 
center by the ligand L'. The higher the negative charge developed 
on the metal center, the larger it will be pulled back by the CO 
through back bonding. It will result (the difference in the crdonor 
and jr acceptor capabilities of L ' ) in the accumulation of negative 
charge on CO which determines the instability of the M— C bond. It 
is well known that the ligands PPh_ , AsPh , SbPh. , Diphos and Py 
are mainly cT -donor and poor tc acceptor with being a better 

donor and acceptor than AsPh^ which, in turn is a better cr “donor 
and 71 acceptor than SbPh^ . Py too is a very good cT —donor but poor 
Tt acceptor. It is therefore expected that these ligands will have 
a tendency to accumulate negative charge on the metal center from 
where it will be transferred either to CO groups or to the PBP/bbP 
through bonds. The extent of transfer of negative charge to CO 
groups can be seen by lowering of the positions of band in 

their IR spectra. Larger lowering signifies more of electron 
density at CO, consequently more instability of the complex. This 
relationship in the ordering of lowering of band positions with ; 
that of the stability of the complexes is very obvious by the 
comparative study of shifts of band positions in their IR and 
MLCT band positions in the electronic spectra of the complexes 
( vide supra ) . 
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Another point of interest in these reactions is the slowness 

of the thermal substitution of one of the CO groups ( 24 h) , 

Considering the partial solubility of the parent complexes (Mo in 

THF) the low concentration of the complex in the reaction medixim 

at a time prestunably explains the slowness of the reaction. Since 

evidence were obtained in the literature for rapid substitution 

of Lewis bases after labilizing one of the CO groups (CO cis to 

PBP/BBP) by the electrochemical reduction of the analogous comple— 
29 

xes attempts were made to repeat the substitution reactions by 
chemically reducing the complexes using Zn-Hg amalgam. Fortxmately 
all the complexes dissolved in THF to give deep red colored solut- 
ion after stirring the partially soluble complexes, only in the 
presence of Zn— Hg analgam. From the solution after filtration of 
Zn-Hg amalgam and other insoluble material, (if any), ESR inactive 
(both at room temperature and liquid N 2 temperature) red complexes, 
different from the original ones and highly soluble in all organic 
solvents except hydrocarbon type ones were precipitated by the 
dried petrolexim ether. Their empirical formulae were found to be 
[m(CO) ^] 2 PBP/BBP(THF)h’*'] . In an attempt to gain further under- 
standing of the reactions , the X-ray powder pattern of the red comp- 
lex which gave a typical pattern of amorphous material was compared 
with that of the original one (crystalline structure) . The amorph- 
ous compoiind changed to the original if kept in THF & Pet. ether 
solution for a few days at low remperature (Fig. II.l) . The IR 
spectra exhibited bands due to and THF besides the bands 
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originating from the original complex. In addition, the MLCT and 

Metal to CO charge transfer bands were shifted towards higher 

energy region (cf. Table II. 3 ). Similar behavior has been obsei?- 

ved in the literature complexes where ligand underwent reduction 

* 30 

by the addition of electron in the Tt orbital of the ligand. The 

MLCT band shifted from 18622 cm ^ in the original PBP complex to 
—1 

18975 cm in the red compound. The Metal to CO charge transfer 

—1 —I 

position was also shifted from 30,000 cm to 32,300 cm in the 

red compoxind. Similar results were obtained in the corresponding 

BBP complex. Though the identity of the red compound is still not 

certain, the electronic spectral shift towards the higher energy 

region may be taken as the evidence in support of the reduction of 

ligand by Zn-Kg amalgam. The reason for such a blue shift has been 

given earlier to be the localized charge of the electron on the 
★ 

ligand jr LUMO, which is then transmitted via metal ion to carbonyl 
groups . 

Accordingly, the presence of the and THP bands in IR 

spectra, tentatively suggest that the effect of the Zn-Hg amalgam 

on the original complex is to produce an amorphous soluble material, 

Hh’ 

possibly a reduced product, whose charge is counter balanced by H . 

The presence of NH was further confirmed by carrying out the same 

reactions in the presence of D 2 O yielding products whose band 

—1 

in the IR spectra was shifted to 2400 cm . The presence of 
NH was also confirmed by NMR. We presume that the reasons 
for the enhanced activity of the red compound towards substitution 
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are: (l) its amorphous nature, thus reducing the lattice energy 
needed for the dissolution of the complex, (2) possibly the reduced 
state of ligand and thus labilizing the CO groups eind (3) the 
remarkably enhanced soli±iility of the red compound, thereby 
increasing the concentration of the active species in solution 
resulting in the enhanced substitution rates. We further assiome 
that the H ions might have come from the atmospheric or absorbed 
moisture on Zn-Hg amalgam or the ions from dil. sulphuric acid, 
used for storage of Zn-Hg amalgam which might have adhered to the 
surface of the amalgam and thus reached the reaction medium. 
Unfortunately, we cannot concJ.usively decide the role of Zn— Hg 
amalgam but it is definite that the Zn— Hg amalgam is playing some 
part in labilizing the CO groups and thereby enhancing the substi- 
tution rate. These assumptions, however are purely tentative. 

II. 2b I.R. Spectra 

The infra red spectra of the tetracarbonyl complexes of 
chromium and tungsten which were similar to their molybdenum analo- 
gues exhibited characteristic pattern of the tetracarbonyl [m(CO)^] 
group in the region 2100—1800 cm ^ (Fig. II. 2) . Although the 
spectral pattern of the compounds obtained after Zn— Hg amalgam 
treatment didnot practically change in the carbonyl region (Table 

II. 1 ) but a new broad band assigned to appeared around 3400 cm 

—1 

which was shifted to 2400 cm on treatment with D 2 O. In addition, 
the spectra also exhibited five strong bands in the region of 
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—1 

1350—1000 cm which were also mixed with those of the ligands, 

—1 

and a band around 2900 cm due to (Fig. II. 3) . These were 

31 

assigned to the characteristic bands of tetrahydrofuran . 

Substitution of CO by a TI acceptor ligand takes place at a 

32 

cis position with respect to PBP/BBP causing lowering of the 

position of (Fig. II. 4) . The extent and the order of lowering 

which depend upon the nature of the incoming ligands (PPh^sa, Diphos< 

AsPh^^ SbPh^ <, Fy) is in concordance with the basicity ( vide infra ) 

and the stability of the complexes. The assignments of bands in 

[m (CO) ^ ] 2 PBP/bbP and [m (CO) ' ] 2 pBP/BBP complexes were made using 

33 34 

the Cotton Kraihanzel method * for C^^ and C^ symmetry respecti- 
vely (cf. Table II. 1 and Appendix A.I) . The spectra of all the 
complexes of the type [m(C0) ' ] 2 PBP/BBP are analogous to that of 

[Mo(C 0 ) 2 bipy in the region, having the infra red active 

35 

modes A and E where E mode, in general, is split into A and B. 

This suggested that the substitution of CO by L' takes place at a 
cis position with respect to PBP/bbp. 

The larger value of k^^ in the tricarbonyl complexes compared 
to those of the tetracarbonyl complexes confirmed the increase in 
the interaction of CO groups by substituting one CO by a bulky 
ligand. 

In general, the coordination of diimine ligand is shown by 
lowering of the in the complexes compared to that in the free 

ligand.^® In tetracarbonyl compounds the lowering in the position 
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of is smaller relative to that in tricarbonyl complexes. The 

influence of substitution of CO by L' on the 7I back bonding between 
the metal and the ligand L' is nicely manifested by further lower“ 
ing of indicating a strengthening of M to L back bonding. 

The study of the solvent effect on the band positions 
indicated that the carbonyl groups trans to the ligand PBP/BBP 
were more influenced than the otliers# suggesting solvent dependent 
polarization in the ground state in +2 direction (Fig. II. 5) . 

As expected, the shifts in the MLCT and band positions ought 

to be linearly dependent quantities. The MLCT band positions 
shifted to higher energy with the increasing polarity of the solvent 
( vide supra ) , thus enhancing the metal to carbon back bonding 
interaction and thereby lowering the bond order. 

Two major types of mechanisms are generally considered to 
treat the effect of the solvent upon the internal vibrations of 
the solute, (i) Solute molecules are assumed to be in the solvent 
cavities, the solvent medium being considered as a continuous 
continuum and (ii) Specific interactions between the solute and 
the solvent molecule. A plot of the relative shift Av/v vs 
(£-1)/(2€+1) where £= static dielectric constant, exhibited 
reasonable linearity (Fig. II. 6) which suggests that the main 
contribution is by the first mechanism. Thus the mechanism of 
the solvatochromic shift of in these compounds is chiefly due 

to the bulk dielectric changes . 
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Further, it is observed from the emission spectral studies 
( vide supra ) that with the increase in polarity of the solvent, 
the dipole moment of the complex with respect to its ground state 
varies linearly with the change in in different solvents 

compared to that in benzene . Thus it can be inferred that as the 
polarity of the solvent increases the change in dipole moment is 
proportional to the change in 

The infrared spectra of the Mo (II) iodo complexes were 
similar to that of the earlier reported Mo (II) iodo complexes 
having seven coordination^^' (Fig. 11.5a). The positions of 
the observed in the spectra of these complexes were around 

2020—2030, 1970 and 1920 cm which are characteristic positions 
for the other group 6 iodo complexes having seven coordination. 

The spectra of the M(Il) mercurous chloride showed bands due 

—1 

to at around 1980, 1880 and 1820 cm typical of the mercurous 

28 

chloride M(II) carbonyl complexes (Fig. II. 7). In the reactions 
of mercuric chloride, it is assumed that mercuric chloride attacks 
the metal center as HgCl and Cl. 

The infrared spectra of the brown insoluble compounds obtai- 
ned after the decomposition of [m(C0) ^L' ] 2 PBP/bbP showed no bands 

arising due to carbonyl and coordinated ligands L' (AsPh^ / SbPh^ / 

—1 

etc) . New intense bands, however, appear at 950 cm and 890 cm 
which can be assigned to On the basis of the microanalytical 

data and vibrational spectral features, the compounds were tentati- 
vely assigned the formulae [mO^ O wing to their 
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insolubility in most of the common organic solvents further 
study on these complexes could not be carried out. 

II. 2c Electronic absorption spectra 

The absorption and emission spectra of the complexes are 
illustrated in Fig. II.8-II.12 and the important features for 
the compounds [m(CO) ^ j^PBP/BBP and [m(CO) ' J^PBP/bbP are given 
in Table II .3 and II .4, 

The bimetallic compounds [w(CO) ^j^PBP/BBP were found 

to be similar to the corresponding molybdenvim dimer. These 

compounds exhibited intense ( E>1000) solvent dependent MLCT 

bands in their electronic spectra. Due to the large molar 

absorptivity of the solvent dependent lowest energy transition 

and by analogy of the previously reported metal carbonyl a, a.' — 

15*“18 24 37 41^47 

diimine complexes, , / w lowest energy absorption 

of the binuclear tetracarbonyl complexes has been assigned to 
transition from Mdri ^ bridging ligand pn* (non— bonding mole- 

cular orbital to essentially tt* orbital ‘of the ligand) . As 
expected, the position of this band is shifted to the lower . 
energy in going from molybdenum to tungsten complexes because 
of the transition of electrons to n orbitals of the ligand from 
the 5d orbitals of the tungsten which are energetically at higher 
energy level compared to 4d orbitals in molybdenum. The MLCT 
wave lengths of [m(C 0 )^] 2 PBP and [m(C 0 )^] 2 BBP are nearly equal 
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within the experimental observation which indicates an approximate 
parity of the electron withdrawing ability of PBP and BBP ligands 
upon the [m(CO)^] fragment. Apart from the MLCT bands, all the 
complexes also exhibited solvent independent band at around 380 nra 
which was not present in the spectra of the ligands. It has been 


1 1 

assigned to A^, ^ 


Aj^ ligand transition 


17 / 18 , 42 , 46 , 48,49 


Though the band is absent in the spectra of the ligands, but the 
possibility of this transition to be mixed with the intra ligand 
transitions also exists. 


The red compound obtained after the reaction of Zn— Hg amalgain 
showed MLCT band to be blue shifted compared to that present in the 
parent compound as discussed earlier. 

Absorption spectra of the complexes [m(C0) ^L' ]qPBP/bbP showed 
interesting features. Substitution of one of the carbonyls by the 
ligand L' (PPh^, AsPh^, SbPh^ , Py, Diphos) exhibited large influence 
on the position of the MLCT band. It is well known that the intro- 
duction of such a group in the complex destabilize the metal d 
32 47 

orbitals. ' Raising the metal d orbitals shifts the band to 
the lower energy. Additionally, the amount of destabilization of 
the metal d orbitals ought to be directly related to the basicity 
of the ligand. Any ligand capable of introducing more negative 
charge in the metal d orbitals will relatively destabilize the 
orbitals more. The shift in the MLCT band positions to the lower 
energy is in the order PPh^sa Diphos CAsPh^ ^ SbPh^ Pyridine, which 
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is in keeping with the order of their net cr — donar and 7l— acceptor 
tendencies (cf . discussion on IR) . This result is well corroborated 
by that of the IR spectral data of these complexes . 

The positions of the MLCT absorption is strongly sensitive to 

the solvent used . The polarity of the solvent 

is directly linked with tlie blue shift in the band position (cf. 

Table II. 3). This solvatochromic behavior of the charge transfer 

transitions of related complexes has been employed by various workers 

51 52 45 

to derive the various scales of solvent polarity, ' ' They have 

defined the parameters like Donor number (DN) / Reichardt Dimroth 

■jlf 

parameter (E^) , l/Dop — 1 /Ds, and etc. (Table II. 5) and these 

parameters have then been correlated with the absorption energies of 
L-L or L (Tt*) < M(d) of such complexes 

Fig. 11.13 to 11.15 display the representative plots of 
the MLCT band positions with E^ (correlation coefficient, R^O.98), 

'At A* 

with E„t /- m (v = A + BE„, /-.m» R^0.90), and with donor number of the 

rji-iOl rUjd 

solvents (R^.95). They show an excellent linear correlation between 

the variation of the MLCT band positions with the solvent polarity 

and the slopes of these plots provide a relative measure of the 

★ 

solvent sensitivity. The slopes of the different plots of vs 

decrease in the order Mo W. The values of the B (B = / 

I'^LCT max: 

E^C^^ further infer that in general tetracarbonyl complexes (B» 

3000) are more sensitive towards solvent changes than the tricarbonyl 
complexes (B»2000) , In addition, the donor n-umber plots show negat- 
ive slope suggesting the decrease in the energy of the transition 
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as the donor property of the solvent increases and the intercepts 
give the energy of the transition when the compoxind is dissolved 
in dichloroethane . 

Further a linear relationship is expected between the MLCT 

band positions and assuming the applicability of the Hush 

55 41 50 

model proposed for the intervalence transfer transition. ' 

Accordingly, the energy of MLCT band which ought to be related to 

the Prank Condon term (X. ) and the solvent reorientation 

inner 

properties (X^, . ) by the equation E_ = X, +X ^ +E’, 

^ outer -r Qp inner outer op 

should show linearity with the X The X can be effect!- 

ou.Ti.0xr 

2 

vely calculated using the relationship X . = (Ae) (l/2a, + 

l/2a2 “ l/r) (l/Dop — 1/Ds) which is derived assuming the medium 
to be dielectric continuum. (Ae is the charge transferred, Dop 
and Ds are the optic and the static dielectric constants of the 
medium a^, a 2 and r, the radii of the electron-donor, acceptor and 
distance separating them respectively) . Fig. 11.16 shows the plot 
of VS (l/Dop “ 1/Ds) for one representative compound 

[mo (CO) ^EE h^ which illustrate somewhat satisfactory relation- 
ship (R = 0.85) . Similar plots were also obtained with the other 
compounds. Though the plots are not exactly linear because of 

the unknown factors involved with the linear relationship but they 

50 

correspond well with the literature plots . 

The generally observed shift to the higher energy of the 
MLCT transition in solvents of higher polarity has been attributed 
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to the ground state stabilization or the excited state destabili- 
zation of noncentrosyrnmetric complexes in more polar solvents. 
Furthermore strong solvatochromism is expected when the dissolved 
complex is polar. The excitation ought to be antiparallel to the 
ground state dipole, moment. Thus, the MLCT transition induces a 
dipole moment in the excited state whose direction is opposed to 
that in the ground state. This generates a less polar situation 
for the complexes in the excited state. The expected stabili- 
zation of the ground state by polar solvents appear evident from 
the extensive blue shift of this transition in such a media, i.e. 
negative solvatochromism. • • The red shift of the of 

the carbonyl groups trans to the ligand suggested solvent dependent 
polarization in the ground state in the + Z direction. Electron 
excitation in the + Z direction must have the ground and the exci- 
ted states of the same symmetry since with the given symmetry of 
the Z-vector, the direct product of the two identical representati- 
ons of c^^ (assumed point group of the molecule) gives a totally 
symmetric integrand of the transition moment and thereby an allowed 
transition . 

The electronic absorption spectra of the M(II) iodo complexes 
exhibited no bands in the visible region. However, those of mercur- 
ous chloride M(ll) compounds showed a broad envelop having maxima 
at around 400 nm. These can be assigned as metal to ligeind charge 
transfer transitions. As expected, the band position is insensit- 
ive to the change in solvent. The other bands below 400 nm are 
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assigned to the intraligand transitions and were similar to those 
observed in MCO) complexes as described previously. 

II. 2d Emission Spectra 

Emission spectra of all the compounds, exhibited the usual 
strokes shifts which were highly sensitive to the polarity of the 
solvents used. The band positions shifted toward the lower energy 
region with the increase in solvent polarity (Table II. 4) . The 
general solvent interaction on the fluorophore molecules affecting 
the energy difference between the ground and the excited states is 
described by the Lippert's equation. 

V — = 2/hc ( Z—l)/2 £+1 - r}^-l/2r]^ + l) . (iu.*-M)^/a^ + constant 

3 . 

where £ is the dielectric constant, t) the refractive index of the 
solvent and a, the radius of the cavity in which the fluorophore 
resides. The wavenumibers in cm ^ of the absorption and the emission 
are v and Vj. respectively. The term [£ — l/2£+l-77 -l/2r\ +l] is 

cL IT 

generally defined as orientation polarizability, Af . The sensiti- 

* \ 2 

vity of a fluorophore to solvent polarity is proportional to (4 — jx) 

which has been calculated by plotting A£ against the values of 

(v — V _) . It has been observed in emission (i) that the tungsten 
a f 

compounds are more sensitive towards solvent polarity than those 
of the molybdenum and (ii) that the complexes of BBP as diimine 
are more sensitive than those of PBP. These results have further 
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been confirmed by the Lippert's plot (cf. Fig. 11.17). From the 
slopes of the plots the magnitude of the change in dipole moments 
upon excitation have been calculated (Table II. 4) . Thus a dipole 
change (fx — jj. ) by about 12 Debye units with the direction of ju, 
opposite to that of the ground state dipole corresponds to a charge 
separation (unit charge, 4.8 x 10 esu) by about 2.5 which is 
approximately a distance comparable to the size of the fluorophore. 
Though it is difficult to answer using present emission data, if 
the positive and the negative charge of the dipole are localized or 
delocalized over the whole molecule but approximate calculation 
of the magnitude of the charge separation in fluorophore during 
MLCT has become possible. 

Furthermore, the linearity of the lippert plots suggested 
the dominent importance of general solvent effects in the spectral 
shifts rather than the specific ones . 

II, 2e E lectrochemis try 

The redox properties of these compounds obtained by using 
cyclic voltammetric studies are given in Table II. 6. In variation 

1 ft 4. '7 

to the earlier studies, • • • < these compounds showed both the 

reduction as well as the oxidation processes (Fig. 11.18) , However, 
except for the compounds, [m(C0) ^] 2 PBP/bbP» M = Mo,W; all others 
exhibited irreversible oxidation waves in the anodic scan with no 
return cathodic waves. These may be attributed to the one electron 
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17 46 47 

oxidation of the metal center * * in which case the resulting 

Mo(l) complexes are unstable. This has also been observed earlier 
for similar systems. ' * Furthermore/ in going from molybdenum 

to tungsten complexes/ oxidation potential decreases suggesting 
easier oxidizability of tungsten compared to that of molybdenvun. 
Similar conclusion was also derived by the study of the MLCT band 
position in the two cases. The position of MLCT band in the 
tungsten complexes was found to be shifted towards lower energy 
(easy oxidizability) compared to that of molybdenum complexes. 

The effect of substitution of one CO by triphenylphosphine 

lowers considerably (\.«.l - .2v) the oxidation potential of the 

metal ions. These complexes showed typical cyclic voltammograms 

where reversibility observed in the tetracarbonyl systems is 

47 

generally lost as expected. 

Apart from the oxidation/ these compounds also displayed 
reduction process at potentials ranging from —1.0 to —1.4 V. These 
are attributed to the reduction of the ligands . The reductions 
shown by [m(C0) ^] 2 PBP/bbP are quasireversible while the correspond- 
ing phosphine substituted derivatives showed the irreversible ones 
with the absence of the corresponding anodic waves in the return 
scan. 

The energy of the MLCT absorption maximum which is dependent 
upon the ease of oxidation of the central metal ions ought to have 
a direct relationship with the potentials obtained by cyclic volta- 
mmetry. It is obvious from Table II .6 that the trend is towards 
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an increase of oxidation potential as the energy of MLCT transition 
increases implying the order of metal molecular orbital stabilizat- 
ion as ’WCMo. a quantitative assessment of the electrochemistry 
corresponding to the compounds listed in Table II. 6 agrees with 
the energetic ordering. The red shift of the MLCT transition in 
W— L— W compared to that in molybdenvun analogue indicates that the 
HOMO of the bimetallic tungsten complexes is destabilized with 
respect to the analogoues molybdenum complexes ( vide infra ) (HOMO‘s 
in the complexes contain a very large contribution from the metal 
drr orbitals) . Cyclic voltammetric experiments indicated that the 
oxidation potential of the tungsten tetracarbonyl complexes was 
less than the molybdenxim complexes implying destabilization of the 
tTingsten orbitals compared to molybdenum ones . This result is in 
concordance with the observed absorption spectral pattern. Further- 
more, the substitution of phosphine further lowers the oxidation 
potential of the metal . Thus compared to the tetracarbonyl system, 
the tricarbonyl phosphine derivatives have tlie oxidation potential 
lower by .1 — .2v indicating that the phosphine derivatives can be | 
more easily oxidized compared to the tetracarbonyl compounds which | 
supports our earlier results ( vide infra ) . The lowering of the { 
oxidation potential of the metals in [m(C0) ^L ' ] 2 PBP/bbP may also | 
explain tentatively very high susceptibility of these complexes ! 

towards oxidation. 
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It, is interesting to note that in going from PBP to BBP 
complexes/ the oxidation potential increases slightly, a trend 
opposite to the expected one because of the larger delocalization 
of orbitals in BBP. This tendency towards higher oxidation poten- 
tial in BBP could be due to the possible decreased conjugation in 
BBP assuming the non— planarity of the two phenyl rings . This is 
also supported by the value of the conproportionation constants for 

the binuclear complexes [mo (CO) ^] 2 PBP/BBP which decreases in the 
24 

order PBP > BBP indicating the decreased interaction of the two 
M— a,a' diimine moieties in BBP complexes compared to that in PBP 
ones . 


II. 2f NMR 

1 

The H NMR spectra of the complexes and the free ligands 
showed coordination of the ligand (Table II. 7) . Owing to the 
insolxjbility or very little solubility of [m(CO) ^] 2 PBP/bbP in 
common organic solvents, their spectra could not be obtained. 
However the NMR spectra of the red compound obtained after the 
reaction of Zn-Hg amalgam displayed a shift on coordination in the 
resonances at 8.35 and 8.7 towards higher fields (at 8.4 and 9.2 

Q 

ppm respectively) . Besides a hump was observed around 5-6 ppm 
assignable to N-H which disappeared on deuteration. Two peaks at 
around 1.8 and 3.75 ppm are assigned to the tetrahydrofuran protons 
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The NMR spectra of [m(CO) ^PP h^ J^PBP/BBP showed similar 
features for the ligand except that there appeared resonances due 
to triphenyl phosphine protons also. 

Such type of compounds are also Renown to exhibit solvent 
37 

dependent NMR but due to low solxibility of the compounds# no 
efforts have been made in this direction. 
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Table II. laMlcroanalytlcal and Infrared spectral data of the compounds [m (CO) ^ JjPBP/BBP 



[Mo{C0)2DiphO8]2BBP 
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Table II . 3a Electronic Spectral Data of [m(GO) 2^-'L compounds (M=Mo,W; L=PBP, BBPy (MLGT) . 
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Table II .5 solvent Parameters 
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Table 11*6 Redox behavior 
complexes [m = 

of [m(co) ^] 2 PBP/BBP 
Mo, W] . 

and [m(CO) 3PPh2]2P3P/BBP 

Compound 

Oxidation 

Reduction 


[mo(CO) ^pbp 

+ 1.02 (Pt) (50) 

+ .8 (GC) (40) 

-1.34 (160) (Pt) 


[mo(CO) 4]2B3P 

+ 1.04 (50) (Pt) 

+ .87 (60) (GC) 

-1.4 (160) (Pt) 


[w(c:o)^]2Pbp 

.8. (70) (Pt) 

-1.27 (200) (Pt) 

Two waves overlapping 

LW(CO) 4J23BP 

.8 (80) (Pt) 

-1.160(120) (GC) 

-1.165(170) (GC) 

-1.175(190) (GC) 

-1.31 (150) (Pt) 

50 

100 

200 

[mo (CO) 2PPh2]2PBP 

+ *78 (anodic) (Pt) 

- *82 (cathodic) 


[mo(CO) 2PPh3]2BBP 

+ *84 (anodic) (Pt) 

-1*1 (cathodic) 


[W(C0) ^PPh^ljPBP 

+ .72 (70) (Pt) 

- .74 (cathodic) 

-1*28 (cathodic) 


[w(CO) jPPhjljBBP 

+ .75 (anodic) (Pt) -1*1 (cathodic) 








Table II.7 Proton N.M.R. Data (ppm) for the free ligands and the 
complexes. 


Structure 


Ligand [ Mo ( CO ) ^ ] 2 Al 


[mo (CO) 3PPh3]2)^' 
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pig. 1 1. 5 Proposed structure of [m(CO) 
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Chapter — III 


Reactivity of Trithiazyl trichloride towards 
[m(CO)^(L-L)] [m = Cr, Mo, W; L-L = bipy or 

o— phen] 


Although trithiazyltrichloride besides is one of the ; 

most versatile reagents for the syntheses of transition metal 

+ 3 -* 

complexes containing unstable species like NS , 82^2/ ^3^2' ^ 3^2 
NSCl^~ as coligands, yet its behavior is highly unpredictable 
towards the nature of species it will yield under the given react-; 
ion conditions. In continuation with our earlier efforts to 

examine the reactivity of trithiazyltrichloride with transition 

5 I 

metal ions/complexes , this chapter reports the characterized | 

products [crCl^ (L-L) ]2“^“S2N2 and [m (NSC l) Cl^ (L-L) ] [m = Mo,W; j 

L-L = bipyridine, o-phenanthroline] obtained by the reactions 

of trithiazyltrichloride towards the substituted Group 6 metal 

carbonyls. 
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III.l Experimental Section 

All reagents used were ofAnalaR grade. The solvents were 

dried by known procedures and distilled prior to use . [ m(CO) ^ (L— L) 

[m = Cr, Mo, w; L-L = bipy, o-phen], [m(CO) ^ (L-L) y] [m = Mo, L-L = 

bipy, o— phen» y— PPh^, Py] and (NSCl) ^ have been prepared by literi 
6*“8 

ture methods . Sephadex LH— 20 has been purchased from Sigma 

Chemicals . All the reactions were carried out under pure and dry 
dinitrogen atmosphere. 

(i) Reactions of Trithiazyl trichloride with [cr (CO) ^ (L— L) ] 

[l— L = bipy, o-phen] 

A solution of trithiazyl trichloride (0.5 mmol) in 10 ml of! 
dichlorome thane was added with stirring to a solution of [cr(CO)^- 
(L-L) ] (.3 mmol) in dichloromethane (15 ml) whereby the evolution! 
of a gas ensued. The stirring was continued until the gas evolut- 
ion had ceased. It took about an hour. A green insoluble compouxi 
was formed in the reaction mixture. It was filtered and thoroughly 
washed with dichloromethane, methanol, ether and dried under I 

vacxium. (Yield, ^ 70%) . 

(ii) Reactions of Trithiazyl trichloride with [mo (CO) ^ (L-L) ] 

(L-L = bipy, o-phen) 

A solution of [mo(C 0)^(L-L) ] (.3 mmol) in dichloromethane 
(15 ml) was added with stirring to 10 ml of dichloromethane 
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solution of trithiazyl trichloride ( .5 mmol) . Immediately the 
reaction started with the evolution of a gas. The stirring of 
the reaction mixture was continued for about an hour till the 
gas evolution ceased. During this time the color of the solution 
changed to brown. It was filtered for any insolxible impurities 
and the filtrate was concentrated to one fifth of its volume unde 
reduced pressure. To the concentrate, light petroleum ether was 
added in excess whereby a yellowish brown precipitate was formed. 
It was separated by centrifugation, recrystallized with dichloro— 
methane/petroleum ether, washed with petroleum ether and dried 
under vacuum. The compound thus obtained was dissolved in 5 ml 
of dichloromethane and was loaded on the top of the Sephadex LH-2( 
colxomn (25 x 2.5 cm) . The compound was eluted with a mixture of 

v/v) . The brown band which was eluted first, i 
was concentrated to about 5 ml at reduced pressure from which the 
compound was separated by precipitating it by adding excess of 
light petroleum ether. (Yield, ca 40%). 

(iii) Reactions of Trithiazyltrichloride with [w (CO) ^ (L—L) ] 

[l-L = bipy, o-phen] j 

The reaction was carried out by a procedure similar to that 
reported in (ii) except that [w(C0) ^ (L— L) ] was used in place of 
[mo (CO) ^ (Lf-L) ] and the reaction was complete after 2 h. The color 
of the compound obtained was dark brown . (Yield, ca 40 % ) . 
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(iv) Reaction of Trithiazyltrichloride with [m(CO) ^ (L— L) y] 

[m = Mo or WJ L— L = bipy, o— phenj Y = PPh3, Py] 

The reactions of [m(CO) ^ (L-L) y] with trithiazyltrichloride; 
have been carried out by the procedure similar to that described 
in (ii) . Since [m(CO) ^ (L— L) y] have a tendency to decompose in 
solution, (NSCl) ^ in dichloromethane was added immediately after 
the preparation of the solution of [m(CO) ^ (L— L) y] . However, the 
products obtained were highly unstable and became oily even befor« 
they could be properly dried. 

The procedures for the Microanalytical, IR(KBr), electronic 
(CH2CI2) . NMRCCDCI^) and ESR(CH2Cl2 and powder) measurements have 
been described earlier. The reflectance spectra of the chromiun 
compounds were obtained on a Hitachi model spectrophotometer. The 
magnetic susceptibility of the compounds were measured on a Guoy's 
balance using Hg[co(NCS)^] as standard. The results are given in; 
Table III.l. I 

III . 2 Results and Discussion 

The microanalytical data of the various compounds obtained 
as a result of the reactions of trithiazyltrichloride with the ; 
sxibstituted group 6 metal carbonyls are given in Table III.l. 

The data correspond very well with the formulations [crCl^ (L-L) ]2“; 
4 -S ^2 [M(NSCl)Cl3(L-L)] [m = MO, Wi (L-L) = bipy, O-phenJ. 
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A few of the starting materials like [mo(CO) ^ (L-L) y] 

[l— L = bipy# o— phen, Y=PPh 2 / Py] decompose in solution during 
the reaction liberating possibly a molecule of triphenylphosphine 
or pyridine. Furthermore, the products obtained as a result of 
these reactions were also unstaLble and had a tendency to become 
oil even at low temperatures. We believe that (NSCl)^ reacted 
independently with the dissociated triphenylphosphine or pyridine 
yielding polymeric products containing PPh^, nitrogen and/or 
sulfur. Unfortunately, all our attempts to purify the products 
were unsuccessful. These were found to be contaminated with a 
number of impurities and could not be characterized. They have 
not been listed in Table III.l. 

The chromium complexes were insolxible in almost all common 
organic solvents . The molybdenum and the tungsten compounds were 
however soluble in some common organic solvents. The latter were 
unstable at room temperature and changed their colors to red. 
However, they could be preserved at low temperatures in sealed 
tubes . 

These reactions exhibited the oxidizing properties of 
(NSCl)^* Chromium, molybdenum and tungsten got oxidized from 
zero to their stable oxidation states +3 (Cr) and +5 (Mo, W) . 
Although (NSCl) ^ a potential of oxidizing molybdenum and 

tungsten to +5 oxidation states, but it could oxidize chroraitim 
to +3 state only because of a large amovint of energy needed to 
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go to higher states. This is expected because of the large amount 
of energy needed to oxidize chromium to oxidation state higher" 
than +3. Furthermore, +3 is the most stable oxidation state of 
chromium while the molybdenum and tungsten in oxidation states 
lower than +5 and +6 are usually unstable and get disproportionatec 
except when there is either metal— metal bond or they have CO as 
ligand. 

III. 3a IR Spectra 

The infrared spectra of chromium complexes displayed, 

besides the characteristic bands of the ligands (bipyridine and 

—.1 —1 

o— phenanthroline) , bands around 860 cm (strong) , 470 cm 
(medium) and around 360 (shoulder) , 350 (medixim) and 330 (shoul— i 
der) cm ^ . The coordinated cyclo ^^2 consistently exhibits : 

two bands at 860 cm (s) and 470 cm (m) arising due to the 

9 10 

and deformation modes of S 2 N 2 ring respectively (Fig.III.l) . ' 

The positions of these absorption bands remain practically constant! 

—1 

in all the S 2 N 2 complexes. Consequently, the bands at 860 cm | 

. I 

and 470 cm are assigned to the characteristic vibrations of I 

9 10 "“1 * 

bridging group. In addition, the shift of 65 cm towards; 

lower wave numbers from that of the free S 2 N 2 reflects the coordi- 

. ■, rr — 1 ! 

nated nature of moiety. The three vibrations around 350 cm ; 

which do not appear in the other bipyridine or o-phen an thro line ! 

complexes have been assigned to ^ • The positions of these 
bands corroborate well with those of other earlier studied chromium 
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compoxands having bridging and Cr-Cl bonds. In the 

spectrum of o-phenanthroline complex, the band at 860 cm""^ was 
masked by the highly intense o— phenanthroline band in this region . 


Molybdenum and tungsten complexes compared to those of 

chromixim ones exhibited entirely different behavior which is not 

surprising because of the difference in the chemistiry of chromium 

from that of molybdenum and tungsten. Their infrared spectra 

— 1 —1 

exhibited intense bands around 950 cm and 500 cm assigned to 
^M=N=S ^S-Cl ^respectively (Fig. 111.2).^^“^^ Spectroscopic 

and single crystal X-ray studies of the NSCl-transition metal 
complexes describe the bonding in [m-(NSCI) ] unit in terms of 


resonance structures 

4 

of the former one . 


M=N=S>..^^ and M— NHS. with the dominance 

Cl ^C1 

Similar mode of bonding is therefore sugges- 


ted in the molybdenum and tungsten complexes described herein. 


It has been further corroborated by the formation of the nitrido 

11—15 

complexes as a result of thermolysis. '^M-Cl appeared 

around 320 cm ^ . 


III. 2b Electronic Spectra 

Chromium complexes exhibited electronic spectra which are 

1 6 17 

typical of Cr(lll) complexes (Fig. III. 3). ' It exhibited 

peaks at 17,250 cm”^ and 28,500 cm~^ with a number of shoulders 

4 4 

around the second band. Generally the ■^2g ^ '^2g 

—I 

in the spectra has been assigned around 17,000 cm . The assign- 
ments have been carried out assuming the octahedral symmetry 
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though the molecular microsyrametry is significantly lower (C ) . 

3v 

Splitting due to lower symmetry is observed in 17,000 cm”^ band. 
The extent of trigonal distortion from the octahedral field in 
terms of v/2 (1140 cm ) and the value of 10 Dq have been evalua* 

ted from the band around 17/000 cm (terra distance v/2 between 

4 4 4 

E and A states obtained by splitting of T 2 g level because of 

the descend in symmetry) , 

The assignment of the second d— d transition is a little 
controversial which is largely due to the difficulty in resolving I 
the absorption band from charge transfer transitions in that 
region. However, the position of this transition is expected to 

— 1 1 Q 

be _ca 7000 cm higher than that of the first band. It should 

therefore, appear aroxind 24000 cm . A broad and intense band 

—1 

exhibiting fine structure is observed at 28,500 cm with shoulders 

at 22,220 cm~^, 23,529 cm“^, 25,640 cm“^, 33,000 cm“^ and 34,000 

—1 —1 ' 
cm . Among the shoulder bands, the one at 23,529 cm is the 

4 , s 4 

weakest one. It is therefore assumed that the T^g,(F) A 2 g 

—1 

band appeared as a shoulder at 23,529 cm . The bands at 25,640 
cnT"^, 28,500 cm ^ and 34,000 cm ^ are the charge transfer and/or 
intraligand bands of bipyridine or o— phenanthroline . 


Besides the aforesaid bands, the spectra also exhibited two 
narrow spin forbidden (quartet-doublet) transitions (Riiby lines) 
at 15,400 and 14,300 cm"^ . These may arise due to spin flip withirj 


t« set of chromium and could be assigned to E ^ 

2g 9 


A 2 g and 
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^Ig ^ ^2g '*'^3.nsit.ions » Though these should be degenerate 

in the perfect octahedral symmetry/ but this does not hold true 

when spin orbit forces and lower crystalline field are considered. 

However there is a possibility of both the bands to be due to 
2 4 

■£g ^ ‘^2g which has been split because of the 

lowering of symmetry from 0^ to But the literature data 

suggest that the observed energy difference between the two bands 

is a little too high for assigning them to the latter transitions^ 

The first alternative is therefore preferred for their assignments 

2 2 

The energy ordering of E and T- states in the complexes has 

been assumed on intensity considerations# According to Ballhausenf 

2 2 
Eg band should be about 8/3 times more intense compared to 

one. The experimental ratio of the intensities of the bands at 

15/400 cm and 14,300 cm is about 8/3. This indicates that 


—1 2 
the 15/400 cm band should arise from 

-1 2 

and the one, at 14,300 cm , from T. 


Ao transition 

2g 

transition. 

2g 


The values of 10 Dq, ^55' splitting 

4 

parameter v of T 2 g level have been evaluated from the positions 

20 

of the aforesaid bands. The standard equations have been used 
for calculation including configuration interaction (Table III.l) . 
The results show that the value of is considerably less than 

unity. This indicates significant rc-type interaction of the 
metal electrons with the 7i orbitals of the bipyridine or phenan- 
throline ligand. The value of 0^^ which was evaluated from the 
ligand field transition, '^^2g' suggests the extent of 
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repulsion within both crand n bonding svibsets (t^ t^ ^) . 

Thus the difference between and values can be assumed 
to be related to the degree of cT interaction arising from the 
covalent overlap of the metal and ligand orbitals. However the 
values of 3^5 3 ^^ lower than one suggest the importance of 

both cr -covalency and jr-back bonding in the chromium complexes . 

The electronic spectra of the molybdenxim and tungsten 
compounds exhibited no sharp bands in the visible region. A weak i 

shoulder appeared at around 22,500 cm~^ respectively, which has i 

2 2 1 
been assigned to < B 2 transition as expected for a d 

21 .. 

system. The axial distortion ( vide supra ) and hence the reduct— ; 

ion of the symmetry from the octahedral should give rise to another 

2 2 

component assignable to ^ B 2 transition. This could not 

be observed due to the weak intensities of the bands. The spectra; 

showed strong bands in the uv— region, assignable to Ji (x) > dTc(M) | 

22 

charge transfer transitions and intraligand bands of bipyridine/ ; 
o— phenan thro line . 

i 

III. 2c Magnetic Properties 

The effective magnetic moment (3.80 B.M.) for chromium 

compound suggested +3 oxidation state of the metal. The ground 
*14. 4 

term for Cr is A 2 g and therefore one does not expect any 
orbital contribution to the magnetic moment of Cr(III) . However 
the magnetic moment is reduced below the spin-only value (3.87 

23 

B.M.) because of the (1-4 X/lO Dq) effect. Using the literature 
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23 , . 

equations (including TIP component) and the experimental value 

^Qff approximate values of the reduction factor/ k/ has 

been evaluated. Its value lower than one (Table II 1. 1) suggests : 

sufficient delocalization of the ligand electrons onto metal '^2g 

orbitals in forming molecular orbitals due to which spin orbit 

coupling constant is reduced to (= X k) . The delocalization of 

o 

the d electrons have also been indicated by the results of the 
electronic spectra of these compoiinds ( vide infra ) . 

The effective magnetic moments of molybdenum and txingsten 
complexes are given in Table III.l. These are nearing the spin i 
only magnetic moment values. However, in an octahedral field 
using the free ion spin orbit coupling constant for molybdenum 
and tungsten, one expects molybdenum(v) ion to have a room tempera-- 
ture magnetic moment of about .9 B.M. and tungsten, a value of 
about .5 B.M. The observed magnetic moment values therefore 
strongly suggest the reduction in the spin-orbit coupling constants 
and in the symmetry of the ligand fields. These have been evalua— ; 
ted and the values of k are given in Table III.l suggesting a 
large delocalization of the electrons in the complexes. These 
two factors considered together accoxant for the observed magnetic 
moment values . 

III. 2d E S R spectra 

The powder ESR spectra of the chromium complexes showed 
a broad band with an isotropic 'g' value. This suggests a short 
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relaxation time by some mechanism causing the broadening of the 
ESR signal. However/ the anisotropy in the g value could not 
be resolved even by taking the spectra at 77K. 

The solution ESR spectra of the Mo(V) compounds are 
characteristic of d^ mononuclear molybdenum having a strong centra! 
line and six hyperfine structures due to (I = 5/2) . In 

bipyridine complex/ two of the hyperfine lines seem to be embedded 
in the central line and this was checked by simulating the spectra 
using the computer programme described elsewhere^^ (Fig. III.4). 

The powder and frozen glass ESR spectra did not reveal any 
anisotropy, instead a broad band was observed. The loss of aniso- 
tropy in the g value is believed to result from the exchange inters 
action between the number of molybdenum atoms due to undiluted 
sample giving a total spin greater than S=l/2, In the absence of 
any zero field splitting all the transitions between the neighbor— i 
ing Ms states will occur at the same field giving a single absorp— ; 
tion line.^^ 

The solution ESR . spectra of the txingsten compounds 
exhibited a strong central line with no hyperfine structures 
(Fig. III. 5) . The powder and the frozen glass spectra also did 
not reveal any anisotropy in g value. 

The molecular weights of the molybdenum and tungsten com- 
pounds were also determined by the F.D. mass spectra of the 
compounds (cf. Table III.l) . These corresponded well with the 
theoretical values. 
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The foregoing results and discussion reveal that[cr(C0) (L- 

4 

react with (NSCl) ^ yielding insoluble complexes having the formula 
[CrCl^ (L— L) 2^2 which form a bridge between the two 

[crCl^ (L— L) ] moieties. Unfortunately/ because of the highly 
insoluble nature of the complexes, we are unable to decide if the 
latter moiety is ionic or neutral. In case they are neutral, a 
dimeric structure with bridge is proposed. In the evantualit’ 

of their being cationic, a tetrameric structure (similar to 
Dehnicke ' s complex) or a polymeric structure with chloro and 

is proposed. The complexes of molybdenum and tungs- 
ten appear to be monomeric having the structure similar to that 
of [mcI^ (NSC l ) ]2 (Dehnicke ' s complex) in which two of the 
Cl ions have been substituted by (L— L) ligands. The data also 
suggested that there is a large degree of delocalization of d 
electrons and covalency in the bonds. Furthermore, a departure 
from the perfect 0^ symmetry is exhibited in these complexes . 
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Fig. III. 2 Infrared spectra of [mo(NSGI) C l^bipy] (a), 

[mo (NSC l) Clj (o-phen) ] (b) # [w (NSCl) Cl^bipy] (c) , 
[w(NSCl) Gl^ (o“Phen) ] (d) . 
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Fig. III . 3 Electronic spectra of [crCl^ (bipy) ]2“M-S2N2 




MAGNETIC FIELD (gauss) 

Pig. III . 4 ESR spectra of [mg (NSC l) Cl^ (bipy) ] in CH2GI2 solution at 

) Siimilated ( — ■ — — — ) . 


3OOK. Experimental (■ 



MAGNETIC FIELD (GAUSS) 


Fig. III. 5 ESR spectra of [w(NSCl) Cl^ (bipy) ] in 

solution at 30GK. Experimental ( 

Simulated ( ). 




Chapter — IV 


Chlorothionitrene Complexes of Molybdenum 
and Tongsten 


Our efforts in the recent years have been ina direction to 

search the possibility of using trithiazyltrichloride as a thio— 

nitrosylating agent for the synthesis of thionitrosyls# a field 

which is still in an embryonic state. While making these efforts,: 

the reactions of trithiazyltrichloride with substituted M(II) 

(M = Mo, W) carbonyl complexes having 2,2'— bipyridine or 1,10- ; 

phenanthroline as coligand afforded complexes in which NSCl is ; 

bonded to M(Vl) (M = Mo, W) in the form of chlorothionitrene group 

M=N=Sv , a bonding mode which has been fairly studied. This I 
^C1 ; 

chapter focusses on the detailed synthesis and characterization 


of these compoxmds 
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IV. 1 Experimental Sec tion 

All the chemicals used were of reagent or AnalaR grade. 

Mo(CO)g, W (cO) g / Mo.cl^/ WClg, 2/ 2 ' —bipyridine and 1# 10— phenanthro— 

line were purchased from Aldrich Chemical Company and were used 

as such- Sephadex LH— 20 was procured from Sigma Chemical Company, 

[m(C0) 2 (L-L)X 2 ] (M = Mo, w; (Lr-L) = bipy or o-phen; X = Br, l)^, 
r 2 3 

[m(NSC 1) Cl ^ ]2 ' (M = Mo, W) and trithiazyltrichloride'^ were I 
prepared by literature methods • Solvents were purified and dried i 
standard methods and degassed prior to use. All experiments 
were performed under nitrogen atmosphere. 

Physical and Spectral measurements 

General information concerning instrumentation and analyses 
of the complexes is described in chapter II. ESR spectra in di- 
chlorome thane at room and liquid N 2 temperature and x— ray powder i 
patterns of the complexes were recorded using century series E 
line ESR spectrometer and 150— Debyeflex 2002 diffractometer 
respectively. 

Preparations 

Re^-^^tion Medixjm Dichlorome thane i 

(i) Reaction of Trithiazyltrichloride with [m(C0) ^ (L-L)X 2 ] 

(M = Mo, W; (L-L)=:blpy, o-phen'> X = Br, I) 

A solution of (NSCl)^ (ca 0.03 mmol) in 10 ml of 
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dichlorome thane was added to a stirred solution of [m(CO) ^ (L-L) X 2 ] 

( ca . 0.1 mmol) in 15 ml of dichloromethane . After the mixture 
was stirred for approximately 1 h and gas evolution had ceased, 
the resulting solution was concentrated under reduced pressure 
to about 5 ml . The product (I) was precipitated from the concen- 
trate with light petroleum ether, which was filtered and washed 
with a little of benzene and then with copies amounts of petroleum^ 
ether. The product was recrystallized from dichloromethane/petro- 
leum ether. The recrystallized product was further purified by 
column chromatography using Sephadex LH-20 column (25 cm x 2.5 cm) 
and 1 : 1 mixture of dichloromethane and chloroform as eluent (elut- 
ion rate, approximately 1—2 ml min ^) . A broad brown band formed 
on the column top was eluted by CH 2 CI 2 and the eluent was concen- 
trated under reduced pressure to about 5 ml and kept at 0°C for 
a few days for crystallization. Thereby microcrystals (II) were 
deposited on the sides of the flask. These were collected, washed I 
with a little benzene, petroleum ether and dried in vacuum. The i 
same compound was also obtained by precipitating it from the | 

concentrated eluent with light petroleum ether and drying it under j 
vacuum (yield, 50% ) . The compounds I and II were found to be 
identical as has been found from their chemical analyses, m.p., 
mixed m.p., IR and UV-visible spectral data. The compound has 
the formulation [m (NSC l) Cl_X' (L— L) ] (M = Mo, WJ X’= Cl or Br) . 

i 
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(ii) Reactions of 2# 2 '—bipyridine and 1 , 10— phenanthroline with 
[m(NSC 1) 01^12 (M = Mo, W) 

A stoichiometric amo\int of bipy or o— phen was added to a 
stirred suspension of [m(NSC 1) Cl ^]2 (ca. 0.1 mmol) in 25 ml of 
dichlorome thane and stirring was continued for 1 h when the 
solution attained brown color. It was filtered and the filtrate 
was concentrated under reduced pressure . The concentrate was 
processed as described in A (a) (yield -^60% ). 

(b) Reaction Medium Tetrahydrofuran 

The reactions were carried out by the same procedure as 
described in A(i) and A(il) except that tetrahydrofuran was used 
as the reaction medium in place of dichloromethane . The working 
up of the reaction product, recrystallization of +-he compoxinds and 
their purification by column chromatography were done as described 
in (a) ( In THF, compounds became oily during recrystallization 

process ) . 

(C) Thermolysis of [m(NSC 1) Cl^X ' (L-L) ] (M = Mo, W; L-L = bipy 
or o-pheni X' = Cl, Br) 

Thermolysis of [m(NSC 1) Cl^X' (L-L) ] (exactly weighed) was 
carried out at about 250°C for 4 h in a two necked flask having 
an inlet and outlet tube. Through the inlet tube a slow stream 
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of nitrogen gas was allowed to pass slowly, while the gaseous 
products coming out of the outlet tube were bijbbled into water. 

The hydrolyzed products were then analyzed for sulfur and chloride 
ion. The compoxand after thermolysis changed to marroon (M^Mo) or 
pinkish grey (Mt=w) and was analyzed as [MNCI 2 X' (L— L) (III). 

In another experiment, the known weight of [m(NSC 1)C1^X *- 
(L— L) ] was heated at 250°C for 4 h over a watch glass. After 
cooling, the change in weight was recorded. The loss in weight 
of the complex corresponded approximately to one mole of SCI 2 per 
mole of the complex. 

IV. 2 Results and Discussion 

The reactions of trithiazyl trichloride with [m(C0) ^^2 (L-L) ]; 

yielded the novel compounds of empirical formula [m(NSC 1) Cl^X'— 

(L-L) ] (I) (cf. Table IV. 1). Apart from being a ligand linked to 

—2 

the metal ion as NSCl , trithiazyl trichloride oxidizes the metal 
from +2 to +6 oxidation state. In iodo complexes, both the 
iodide ions and in bromo ones only bromide ion were siobstituted 
by the chloride ions in their respective products. The approxi- 
mate amount of librated iodine during the reaction was iodometri 
cally estimated which conformed to two moles of iodide ions per 
mole of the complex. 

The compounds are soluble in halo-substituted solvents and 
decompose in methanol to yield a polymeric nitrido compound of 
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emperical formula [M 2 N (L— L) S2C1^J as suggested by analytical and 
IR data. These when solubilized in POCl^ yielded the moisture 
sensitive adduct [m(NSC 1) Cl^X' (L-L) ] . POCl^ similar to the 
behavior of [m(NSC 1) Cl^]^ • 

The compounds in general were preserved at low temperature 
(0*^0) as they undergo slow decomposition at room temperature 
yielding amarroon/pinkish grey compound. This was further corro- 
borated by the results of thermolysis experiments ( vide infra ) . 

The gaseous products obtained by pyrolyzing the compound was hydro- 
lyzed by bubbling in water and the halogen and sulfur contents 
were estimated. The results corresponded to the loss of a molecule 
of SCI 2 per molecule of the compound as also suggested by the loss 
of weight of the compoiind after thermolysis. It appears that the 
complexes lose a molecule of SCI yielding nitrido complexes 
from which another chloride ion could be lost to preserve the 

charge balance, similar to the earlier reported M?=N=Sv comple— ; 

x:l 

2 ^ 
xes. ' These may further be reduced partially to other polymeric ; 

6 

metal nitrides in +5 oxidation state. 

IV. 2a I.R. spectra 

The infra red spectra of all the compounds showed three 

—1 

medium to intense bands in the region 1000—900 cm assignable to 
the stretching mode of M=N=S moiety (Fig. IV. 1) . ' ' ' The bond- 
ing mode of NSCl moiety is further corroborated by the following 


chemical evidence. 
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The coordinatively unsaturated compound [m(nsc 1) Cl ^ ]2 had 

been shown to have [m=N=S. ] unit by X— ray crystal structure 

^C1 

studies. The reaction of this compound with bipy or o-phen 

yielded compounds of the type [m(NSC 1) Cl^ (L-L) ] which were found 

to be identical to the compoTonds synthesized by the procedure 

A(i) . The identical nature of these compounds as shown by X— ray 

powder patterns, gives one sufficient reason to believe that the 

NSCl moiety in our compounds have a [m=N=S. ] type of bonding, 

^C1 

assuming reactions of bipy or o-phen donot affect the bonding 
mode of (NSCl). Further the bands due to of [m (NSCl) Cl^X 

(L— L) ] disappeared in the vibrational spectra of the products 
obtained after thermolysis and an intense band appeared' at 940 cm ' 
(M=Mo) /990 cm ^ (M=w) assignable to ^ (Fig. IV. 2, IV. 3) . 

The shift of band position to lower wave numbers compared to 

that of other nitrido compounds in +6 oxidation state (viz. y lOOO 

—.1 

cm ) could be attributed to the partial reduction of M(VI) to 
M(v) ( vide infra ) . The assignments of bands due to lack of 
crystal structure are somewhat tentative and further studies are 
required to confirm their identity. 

Electronic Spectra ^ 

The electronic spectral features of the compoxinds are given 
in Table IV. 1 (Fig. IV. 4) and were typical of Mo(Vl) and W(VI) 
complexes. The spectra showed a band at aro\ind 250 nm assigned 
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to 71 (X) > dTt (M(vi)) charge transfer transition. The band 

at around 500 nm was found to be split in general and one of 

its components along with 380 nm band could be attributed to 

n (diimine) ^ dTt(M(Vl)) charge transfer transition. Its 

other component may possibly arise due to intraligand transition 

involving N=Sv moiety or due to charge transfer transition 
^C1 

of the M=N=Sv unit. 

^1 

IV. 2c Magnetic Properties 

All the compounds were found to be diamagnetic and their 
ESR spectra were recorded wherein no signal was obtained. This 
indicates the presence of metal in +6 oxidation state/ substantia- 
ting further the linkage of NSCl as M;=N=Sv . The products 

^Cl 

obtained after thermal decomposition exhibit partial paramagnetism 
and their magnetic moments fall in the range of 1.1-1 .2 B.M. for 
Mo complexes and .8— .9 for the tungsten ones. The latter range 
is lower than the one expected for d complexes suggesting partial 
reduction of M(VI) during decomposition of thionitrene complexes. 
The presence of M(v) in the decomposition products was further 
confirmed by the powder ESR spectra of the decomposed products 
which showed rhombic distortion. 

In the compounds prepared in tetrahydrofuran/ the solvated 
formulation viz. [m(NSC 1) Cl^X* (L-L) . THE could be preferred over 
the coordinated one based on the following observations t 
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(i) The NMR spectra showed practically no shift in the 
resonances of the THP protons as compared to that of 
the free THF molecule. 

(ii) The color and the m.p.'s of the compounds were almost 
similar to those of the compounds prepared in dichloro— 
methane . 

The compounds were analyzed to [m(NSC 1) Cl^X * (L-L) ] . THF 
and the efforts to remove the solvated THF completely by different: 
means were unsuccessful. 

On the basis of the foregoing discussions the compounds 
were assigned the heptacoordinate structure [m(NSC 1) Cl^X ' (L-L) ] 
with the metal ion in +6 oxidation state. Although seven coordi- 
nation is commonly not encountered in the compovinds of molybednum ; 

and tungsten in higher oxidation states, it is however not 

12 ^ 

unlikely. 

It is interesting to observe the stability order of thio— i 
nitrene complexes of molybdenxim and tungsten as [mcI^ (NSCl) ]2 
[mcI^ (NSC l)bipy] ^ [mcI^ (NSC l) o-phen] ( [mcI^ (NSC l)bipy] — [mcI^- I 
(NSCl) o-phen] [m = Mo, w] . The order could possibly be explained 
on the presumption that the tendency of accumulation of the negat- 
ive charge on the metal center lowers the stability of the complex i 
Cl” ions push the electrons to the metal center both as a cT- and 
TT donor ligand while the ligands like bipyridine and o-phenanthro- i 
line are good cr -donor but they are good xc-acids and remove the i 
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'ic 

charge back from the metal center in their 7I orbitals . There 
will, therefore, be more depletion of negative charge from the 
metal center of the bipy or phen complexes relative to that in 
pure chloro complexes. On similar grounds, the complexes having 
metal ions in the lower oxidation state (+5) should relatively 
be less stable compared to those having metal ions in +6 state 
because of the presence of one extra electron on the metal ion in 
+5 oxidation state . These complexes prefer to form nitrido comple- 
xes as their decomposition products in which three negative charges 
can be comfortably accomodated on the nitrogen atom by sharing and ; 
thereby shifting the charge from the metal and forming stable nitrid 
system. This process takes place by the ejection of one mole of 
SCI 2 from one mole of complex. 
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Table IV. 1. color , Microanalyais, Thermolysis, and UV-Visible Data of Complexes 
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Pig. IV. 4 Electronic spectra of [Mo(NSCl)Cl^bipy] 
[w(NSCl)Cl^bipy] (2). 


chapter — V 


Synthetic and Bonding Aspects in Cyclothiazeno 
Mo lybdenum ( V ) Comp lexe s 


The chemistry of sulfur-nitrogen compounds has attracted 
attentions of both the theoreticians and the experimental chemists 
during the past decade. Though many workers have reported synthe- 
tic, IR and crystallographic studies of a number of metal complexes 
containing electron rich, relatively unstable sulfur-nitrogen rings 
and cages (S 2 N 2 ' ^2^3 coligands, no report aimed 

at understanding the nature of bonding in these complexes has 
appeared in the literature. The latter study warrants attention, 
in particular, for a' possible solution of the problem, as to why 
metal complexation stabilizes these species . It is surprising 
that their electronic spectra and magnetic properties have also 
not been studied. The reason for the lack of such a study could 
be due to the fact that a large number of reported complexes are 
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diamagnetic which cannot be explored using techniques such as ESR. 

In this work, an attempt has therefore been made to synthesize and 
characterize paramagnetic molybdenum (V) complexes (d system) 
whose ESR spectra will be particularly amenable to analysis . This 
chapter describes new molybdenum (V) pyridine and diimine derivati- 
ves of [Mo (N2S2) Cl^ ]2 a-nd [mo (N2S2) Cl^ ]2“iUL“S2N2 and is concerned 
with the discussion of the spectral (electronic and IR ) , magnetic 
data in terms of their coordination geometry and the bonding there ir: 
Shifts from the free electron g value provided information about the 
spin— orbit mixing of the antibonding states with the ground state. 
The anisotropy of the metal nuclear hyperfine interactions has been ; 
related to the molecular orbital coefficients of the molecules. 

Results have indicated the importance of cr — and tt— contributions 

3— 

in molybdenum— nitrogen bonds which involve 4d/ ^^32 and diimine 
or pyridine orbitals. A reduced coefficient for the metal recpaires I 
the presence of ligand character in the wavefunctions describing 
the magnetic electron. This implies that the electron spends some 
time in the region of ligand nuclei and is subjected to spin-orbit 
effects . 

A tentative explanation for the reduction of Mo from +6 to 
+5 oxidation state during the reactions has been suggested. 
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V.l Experimental Section 

( i) Materials 

All the chemicals used were of AnalaR grade, Sephadex LH-20 

(Sigma Chemical Co.), Mo(CO)g, MoCl^, pyridine, 2, 2 • -bipyridine 

and 1, lO-phenanthroline were procured from Aldrich Chemical Co. 

[mo (N 2 S 2 ) Cl^ ]2 snd [mo (N 2 S 2 ) Cl^ J 2 ”^~S 2 N 2 '^sre prepared by the 

6,7, 

published methods . Reactions have been carried out under pure 

and dry dinitrogen using degassed solvents which were dried by 
standard methods . 

(ii) Instrumentation 

The microanalyses of the complexes were carried .out ' at the 
Microanalytical Laboratory, I.I.T. Kanpur, India. The spectral 
details of IR(KBr) and UV— VIS (CH 2 CI 2 , KBr) are given in chapter II. ^ 
The magnetic susceptibility measurements were carried out on a 
Guoy balance using Hg[co(NCS)^] as calibrant. 

ESR spectra of diimine complexes were obtained in dichloro— 
methane at room temperature and at 77K. For the pyridine complex, 
ESR spectra of polycrystalline sample were recorded at room tempera— i 
ture as well as low temperature. The low temperature spectra.(poly- | 
crystalline sample at liquid nitrogen temperature) exhibited well ; 
resolved anisotropy. ESR measurements have been made on a Varian 
E-109 X-band spectrometer equipped with low teitqjerature accessories.! 
Other details about the instrument have been given elsewhere.^ 


The 
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g values were calibrated against DPPH employing a dual ESP 
cavity. 

The analysis of the molecular zeeman tensors (g and A, 
respectively) was done by fitting computer simulated line shapes 
to the experimental spectra. The line shape simulation was carried 
out on Dec-1090 computer using a program developed by Raghunathan 
and Sur based on Iwaski ' s algorithm,^ assuming the spin Hamilto- 
nian of the form. 

= Se.g.H.S + I.A.S - g^0^ I.H, + I.Q.I ( 1 ) 

where all the symbols have their usual meaning. The resonance 
field positions calculated by eguation 1 are convoluted with a 
Gaussian line shape function with a peak to peak derivative line 
width appropriate to the spectrum being simulated. The simulated 
spectra were the sums of randomly oriented complexes with 1=0 and 
1=5/2 isotopes weighted according to their natural abundances (75% 
and 25% respectively). The spectra are given in Fig. V.3-V.7. 

The results are given in Tables V.l to V.3. 

V.la Syntheses of Complexes 
(i) Synthesis of [mo (N 2 S 2 ) Cl 2 bipy] 

(a) From [mo (N 2S2) Cl^ ]2 

A suspension of freshly prepared [mo(N^S 2 ) Cl^ J 2 (ca 0.17 
mmol) in 25 ml of dichloromethane was dissolved by stirring with 
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stoichiometric amount of 2,2 '-bipyridine at 40°C for 2 h. The 
color of the solution turned to dark green. It was filtered to 
remove any insoluble impurities and the filtrate was concentrated 
under reduced pressure to about 5 ml. Excess petroleum ether 
(40 —60°) was added to the concentrate whereby a dark green 
compound was separated. It was filtered and the complex was then 
recrystallized using dichlorome thane/petroleum ether. Its further 
purification was effected using Sephadex LH-20 colximn. The complex 
was dissolved in 5 ml of dichloromethane and the solution was 
sorbed onto a column (25 cm x 2.5 cm) prepared in dichloromethane: 
chloroform mixture (i:i, v/v) . The green band formed at the top 
was eluted with dichloromethane. The eluent was concentrated to 
nearly 5 ml and the complex was precipitated by adding petroleum 
ether to the concentrate. It was separated by centrifugation, 
washed with petroleum ether and dried iri vacuo . Some of the 
impurities remained sorbed on the top of the colximn and could not 
be eluted by any solvent. Yield of [mo (N 2 S 2 ) Cl 2 bipy] , ca 20% . 
Anal. Calcd for [mo (N 2 S 2 ) Cl 2 bipy] : C, 27. H, 1.8» N, 16. 3i S,14.9i 
Cl, 16.5. Fo\ind: C, 28. 2j H, 2.1; N, 16.5; S, 14.6; Cl, 16.7. 

(b) From [ho{]^^S2)C1^]2-P^-S2^2 

Freshly prepared [mo (N^S 2) Cl^ ]2'~^S2^'^2 mmol) and 

stoichiometric amount of 2,2 ‘-bipyridine in dichloromethane (25 ml) 
were refluxed with stirring for 2 h whereby the complex [mo(N 2 S 2 )- | 

Cl lo“ii~SoNo went into solution (dark green) . The remaining work— | 

3 2 ■ 2 2 ■■ I 

ixig procedure was “the same as “that given in [i(a) ] • Yield da 8C% . . i 
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(ii) Synthesis of [mo(n^S2)c 12 o-phen] 

(a) From [mo (N 2 S 2 ) Cl ^ ]2 

The reaction was carried out by the same procedure as 
reported in [i(a)] except that o-phenanthroline was used in place 
of 2,2 '“bipyridine (yield of [mo (N 2 S 2 ) Cl 20 -phen] ca 20% . Anal. 
Calcd. for [Mo(N 2 S 2 )Cl 20 -phen]: C, 31. 7» H, 1.7» N, 15. 4» S, 14 .5» 

Cl, 15.6. Pound: C, 31.2; H, 2,1; N, 15.5; S, 14.6; Cl, 15.1. 

(b) Prom [Mo(N 2 S 2 )Cl 2 J 2 -i^-S 2 N 2 

The reaction was carried out by the procedure as given in 
[i(b)] except that o-phenanthroline was used in place of 2,2'— 
bipyridine. Yield, ca 80% . 

(iii) Synthesis of [mo (N^S^ ) CI 2 (Py) 2 ] 

(a) From [mo(N^S 2 ) Cl^ J 2 

To the suspension of [mo (N 2 S 2 ) Cl^ J 2 (0*17 mmol) in dichloro- j 
methane (15 ml) excess of pyridine (2 ml) was added. The mixture 
was refluxed for 8-10 h whereby the color of the solution turned 
to dark green. The solution was filtered to remove any impurity. 

On keeping the filtrate, microcrystals were slowly formed which 
vrere separated by centrifugation, washed repeatedly with dichloro , 
methane and dried _in vacuo . Yield of [mo (N 2 S 2 ) CI2 (Py) 2^ ' ca. 15— 20%^ 



139 


Anal. Calcd for [mo (N^S 2 ) Cl^ (Py) 2 ] • C, 27. 8j H, 2.3; N, 16.2; 

S, 14.8; Cl, 16.4. Found: C, 27.5; H, 2.5; N, 16. O; S, 14.3; 

Cl, 16.7. 

(b) From [mo(N2S2)C12]2-^-S2N2 

To the suspension of [Mo (N^S^) C l^ ] 2 ”^“S 2 N 2 in 15 ml dichloro— 
methane (0.17 mmol) excess of pyridine (2 ml) was added and the 
mixture was refluxed for 8-10 h. The rest of the procedure was 
similar to that given in [iii(a)]. 

V .2 Results and Discussion 

V.2a Reactivity of Complexes 

Reactions of pyridine and diimines with [mo(N2S2)C12 ^2 
[mo(N2S2)c 12]2~^“S2N2 proceed to form [mo (N2S2) CI2 (Py) 2 /^^^Py/°~ 
phen] with simultaneous reduction of molybdenum from +6 to +5 oxi- 
dation state. Yields of the products using [mo (N 2 S 2 ) Cl ^ ]2 as 
precursor were lower (ca 20%) than those obtained from [mo(N 2 S 2 )- 
Cl 1,.— 4-SoNo (ca 80%) . In former reactions, the remaining compound 
seem to be a mixture of decomposed products. Effectively, no major 
change in the yields was observed by changing the reaction conditi 
ons. The reactions proceed as: 
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[mo(N2S2)C12]2 + L/(L-L) 2[mo (N 2 S 2 ) CI 2 (L) 2 /(L-L) ] + 

other products ( 2 ) 

[Mo(N2S2)C13]2- -S 2 N 2 + L/(L-L) 2[mo (N 3 S 2 ) CI 2 (L) 2 / (L-L) ] + 

other products ( 3 ) 

L = Py; L—L = bipy or o— phen. 

Interesting feature of these reactions are the reduction of 

Mo{vl) to Mo(v) and the variation in the yields of the products. 

Though such reductions by amines and diimines are available in 
4 5 

literature ' the factors responsible for the enhanced yield in 
the reactions of [mo (N 3 S 2 ) CI 3 ] 2 “^~S 2 N 2 are somewhat obscure. 
Furthermore, the reaction of [mo (N 3 S 2 ) CI 3 ]2 with calculated amount i 
of pyridine yields [mo (N 3 S 2 ) CI 3 (Py) ] .^ While under our reaction 
conditions irrespective of the amount of diimine/pyridine, 

[mo (N 3 S 2 ) CI 3 ] 2 "^”S 2 N 2 yields the product with molybdenum in +5 
oxidation state. The role played by S 2 N 2 moiety (the only differ— 
ence between the two reactants) in reducing Mo(Vl) to Mo(v) and 
thereby enhancing the yields of the products can only be speculated . | 
Though the reduction of Mo(Vl) to Mo(v) in S 2 N 2 bridged [mo(N 3 S 2 )~ 

*7 

^^ 3 ^ 2 “*“'“^ 2^2 earlier been reported,^ its mechanistic details | 

are yet to be worked out. It is well known that linear, ring and 

8—12 

cage type sulfur-nitrogen compounds are electron rich and are 

highly susceptible to oxidation because of HOMO being Ji*oxbitals. 

It is therefore, expected that S 2 N 2 with similar properties may 
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possibly be a source of electrons for the reduction of molybdenurn 
resulting in its oxidation to species which remain uncoordinated 
to the metal center. It may be thought that reactions of 
[mo(N2S2)c 12]2—^S2N2 involve two steps (i) Substitution of S2N2 
by pyridine or diimine with simultaneous oxidation of the liberated 
highly unstable S2N2 moiety and (ii) Consequent reduction of the 
metal center by the available electrons from the oxidation of S2N2. 
Thus the enhanced yield of the product in the latter reactions may 
possibly arise because of the presence of another source of electr-| 
ons for the reduction process. The reduction by S2N2 is further 
supported by the results of the reactions of [mo(N 2S2) Cl^ ]2 and 
[mo (N 2S2) Cl^ ]2~^“S2N2 with PPh^Cl. The former reaction yields 
the Mo(Vl) compounds while the latter MoCv),"^ 

The diimine complexes were soluble in common non— hydrocarbon 
solvents like CHCl^ # CH2CI2 etc. They have a limited stability 
and slowly develop a yellowish tinge on keeping them for a few 
days in the open atmosphere. They are however more stable relat- 
ive to [moCN^ 82)012] 2 and [mo (N2S2) Cl2]2~i^~S2N2. The pyridine 
complex# insoluble in all common organic solvents was relatively j 
more sensitive and became a blackish sticky mass. All the con^le- 
xes can# however be preserved for a much longer time at low tempera-r 
ture. No effect was made to identify the filial changed/decomposed 


products 
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V.2b I.R. Spectra 

Infra red spectra of all the complexes displayed bands of 

15 

coordinated pyridine and diimines. Besides these, they exhibited 

the characteristic pattern of bands due to vibrational modes of 

3 — —1 

'N 3 S 2 ' group at around 960, 940, 910 cm (Fig. V.l) , No 

3—, 

appreciable change in the N 3 S 2 group band positions was observed 
from those displayed by the spectra of [mo (N 2 S 2 ) CI 3 ] 2 /[mo (N 2 S 2 Cl 2 ] 2 * 
M— S 2 N 2 . Practically little shifts in the positions of N 2 S 2 ^ 
bai>ds^'^^ have been taken as one of the indications for the pre- 
sence of N 3 S 2 moiety in our complexes having the same bond orders 
as those of the parent ones. The structure of the latter have 
already been determined by X~ray single crystal studies which indi- 
cated a N— bonded chelated 'N 3 S 2 ^ ' group with a large degree of 

*7 *1 ^ * 

double bond character in Mo— N bands . ' ' ' The characteristic 

_1 ^ 

^2^2 (860 and 470 cm ) whose positions usually remain 

17 

unshifted in the spectra of all the S 2 N 2 complexes disappeared 

from the spectra of the products . This suggested substitution of 

the bridging S 2 N 2 group by diimine or pyridine molecules (The 

identity of the coordinated diimines was also confirmed by NMR) . 

Furthermore, the terminal bands were identified by the 

presence of three bands strong to medium intensity in 

““1 S 16 

the region 350-300 cm . ' 

Although infrared spectroscopy has previously been used to 
distinguish between various isomers (cis and trans) of molybdenum 
complexes, the present study unfortunately did not enable us to 
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discriminate between the possible isomers of our complexes owing 
to the fact that their spectra exhibited bands in the same 

region where a few of the diimine or pyridine bands also appear. 
However^ some information in this direction was obtained from the 
analysis of ESR data ( vide supra ) . 

V,2c Electronic and ESR Spectra and Magnetic Properties 

Electronic spectral data of pyridine (KBr pellet) and 
diimine (dichloromethane solution) complexes are givei? in Table 
V.2 (Fig. V.2) . The band positions are not solvent dependent and 
the solutions of the complexes in CH 2 CI 2 obeyed Beer's law, thus 
ruling out the possibility of solvent complex interaction. The 
decomposition or the dissociation of the complexes in CH 2 CI 2 is 
ruled out by the fact that these complexes can be precipitated 
unchanged from their CH 2 CI 2 solutions. 

These complexes gave an easily observed ESR spectra at room 
and at low temperature (77K) with practically no change in the line | 
widths, etc. (Fig. V,3 to V.7) . The absorption line (ESR) is 
anisotropic. In view of the fact that, the molybdenum in the comple-t 
xes has a d^ configuration, in an approximately octahedral field, | 

one would expect that the complexes will behave like other d^ octa~ 

2 i 

hedral complexes with a degenerate ^2g state whose ESR 

18 

spectra are observed only at low temperatures. On the grounds j 

of observing the spectra at room temperature with practically no I 
change in them at low temperatures, we have assumed that the ground : 
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state in our complexes is an orbital singlet with a separation of 


a few thousand cm below the first excited state.' 


Since the 


ESR spectra exhibited only two g values (g^ and gx) both at low 

and room temperatures/ molybdenum in these complexes is presumably 

present in a rigid tetragonally distorted octahedral environment 

with two Cl ions in trans and four nitrogen atoms (two of diimines/ 

pyridines and two of ^^ 32 ^ ring) in equatorial positions (Fig. 

V.8(2)). The totally asymmetric structure with two chlorine atoms 

in cis positions is expected to show complete anisotropy and its 

ESR spectra would display three g values (g d q ^ q ) 

^xx ^yy ’zz 

Thus assuming trans structure, the complexes were taken to belong 

■to symmetry with the unpaired electron being present in 

22 23 — 
dxy. ' However, since the crystal field due to Cl is expected : 

to be smaller than that due to N, one may argue in favor of the 

electron being present in one of the degenerate (d , d ) orbitals | 

which have been split by the spin orbit coupling. But it should 

be noted that in case of degenerate '^yz^ ground state, the 

g values should deviate considerably from 2.0023 and the complexes 

should have very little spin relaxation time resulting in very 
24 

broad bands. The fact that resonances are fairly narrow at room 

Ois, 

temperature and with practically no change at low temperature 

(Fig. ■V.3— V. 7 ) implies that the ground state is non degenerate 

and is well separated in energy from other d orbitals. It seems 

that crystal field distortion imposed by lattice forces results 

in d becoming the lowest energy orbital. Other possible reasons 
xy 

in favor of the d ground state orbital could be as follows'- 
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(a) ion (a 10-electron system) is electron rich with four 

electrons present in the antibonding orbitals The (MGN2S2) 

moiety in the present systems would be analogous to the N_S " ion 

O w 

where one of the S atoms has been replaced by a Mo, forming a 
planar hetero— ring system. The X— ray single crystal structures 
of the molecules [mo (N 2S2) Cl^ ]2/ [Mo(N2S2)C12THF], [mo (N 2S2) Cl^ ]2~ 
^■—82^2 [mo (N 2S2) Cl^Py] reveal that ^^82^ along with Mo atom 

forms a nearly planar six meiribered ring in these complexes. The 
orders of both Mo— N bonds is approximately two (Fig. V.8(l)). The 
doiible bonds between Mo and N are formed by the overlap of d , 

'X.Z 

orbitals of Mo with the p orbitals of sulfur and nitrogen 

y ^ z 

'k 

atoms of the ring forming n and n orbitals. Consequently, the 
latter antibonding orbital might have become raised above dxy 
resulting in the lone electron of Mo(V) in dxy. 

(b) The ground state in [MoClg] and [moC 1^(0R)2] is assumed to 

be singlet with unpaired electron in dxy. This is presumed to 

arise through considerable distortion in the molecular frame work 

19 28 ~ 3 G 

either through lattice forces or the jahn teller effect. ' 

Even if there is axial distortion in the molecule, dxz, dyz should 

have been the ground state but its symmetry has been assumed to 

be C, because of the similarity of its ESR spectrum to those of 
4 v 

o I Q O A 

molybdenyl complex [moOCI^] . ' Similar arguments may be 

put forward in our cases also because of the similarity of the ESR 
spectra of our complexes to those of other molybdenyl ones. 
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(c) The value of B also tentatively rule out the degenerate 
dxz/ dyz ground state. 

Thus in the following discussion and calculations/ the 
molecular symmetry of the complexes in the solid state has been 
assumed to be with dxy as their ground state. 

Electronic Spectra 

If X and Y axes are defined along the equatorial Mo-N bonds# 

the Z— axis along the Mo— Cl bond and the ground state with predo— 

minently dxy in character, the lowest energy band in the spectra 

(12,000 cm £ <(l50 cm was assigned to d (b^ ) > d , 

xy ^ xz 

<ly 2 (e*) transition dave been assumed to be mixed 

orbitals having contributions from metal d orbitals and p orbitals 

z 

3—. 

of N and S atoms of the N 2 S 2 ring) . The second weak bamd around 

20,000 cm ( £ ^000 cm '^) has been assigned to d. (bi ) > 

xy ^ 

d. 2 2 The latter transition being forbidden, would be 

expected to be of low intensity. However, the intensity stealing 

from the neighboring charge transfer bands around 25,000 cm ^ 

and/or symmetry lowering may be responsible for the increase in 

intensity of the latter band. Another, broad band is also present 

— 1 

around 25,000 cm . The value of its extinction coefficient 
( £ ■)3000 cm”^M~^) suggest that the band may be of the charge trans- 
fer type. Although we do not attempt to make a definite assign- 
ments for these bands, they are presumably associated with the 
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transition of the type halogen (n) ^ d (e*) or d 2 or 

* xz yz z 

(i>2 ) (LMCT band) in keeping with Jorgensen's assignments^^ 
xy 

of the electron transfer spectra of the transition metal hexa- 

halogen salts and/or with the intraligand transitions (tt ^ n* 

of pyridine, diimines and/or ^ at around 

16,300 cm ^ iz ]^2500 cm could possibly be due to 7r(diimine) 

y M(d) transition was found to be asymmetric in the solution 

spectra of the diimine Mo(V) complexes. A shoulder appeared 

"it 

towards the lower energy side might be assigned to b^ —^'^2 

transition (bonding molecular orbital > d ) . 

' xy 

1 

Since t:he complexes have nd configuration/ two weak bands 
—I —1 

in the 12,000 cm — 24,000 cm region have been assigned to the 

2 2 

components of transition T 2 g ^ Eg (0^^ symmetry) in a ligand 

33 

field of symmetry We have taken 10 Dq as the higher energy 

component of the split band, viz. b^ ^ ^1 *"4v • 

(ii) Magnetic Properties 

Magnetic moments of all the complexes are listed in Table 
V.l. For a ligand field of 0^ symmetry, and using the free ion 
spin— orbit coupling constant v^q) 9-S 1030 cm one would expect 
molybdenum (V) ion to have a room temperature magnetic moment of 
about 0.9 B.M. However, in a complex, the value of X is usually 
much less than 1030 cm~^ which results in higher magnetic moments 
of the complexes. Furthermore, the electronic spectral and ESR 
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data support a reduction in the ligand field symmetry from 0^^ 
atleast to or which will ftirther enhance the value of 
^eff’ therefore expected to observe magnetic moments 

closer to the spin only value, which have experimentally been 
found. 

Under the simultaneous perturbation by spin-orbit coupling 

and an axial component in the ligand field, it has been assumed 
2 

that the T 2 g ground state term is split with the singlet dxy as 
the ground state ( vide infra ) . Symmetry lowering will result in 
anisotropy of g tensor (cf. ESR data). Assxiraing symmetry of 

the ligand field and including TIP term, Ballhausen^^ calculated 
the magnetic susceptibility of d^ system. Using the same express- 
ions and with the values of g^j and gj^and energy distances between 
the various states^ obtained from ESR and electronic spectral data,, 
respectively, we have estimated the magnetic moment values of the 
complexes. The values are in good agreementwithin the experimental 
error, which further confirms symmetry lowering and +5 oxidation 
state of molybdenum in the complexes . 

(iii) ESR Spectra 

The ESR spectra of dlimine cyclothiazeno complexes in 
dichloromethane at room temperature were well resolved, consisting 
of a central intense line corresponding to the molybdenum (1=0) 
nucleus and six relatively weak hyperfine lines on either side of 
the central line arising from (1=5/2) (Pig. V .3 , V.5) . 
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The frozen solution spectra of the diimine complexes and the 
polycrystalline sample of diimine and pyridine complexes can be 
interpreted in terms of the axial spin Hamiltonian, 


fls “ S(H^s^ + H s ) + + 


B(1 S + I S ) 
XX 7 7 


(4) 


In solution at room temperature, the anisotropies are averaged to 
zero, the spin Hamiltonian then becomes 


=<5> .3H.S + <Ca)> »I.S (5) I 

The spectra in Fig,v.4,v.6, V.7 are characteristic of axially 
symmetric g tensers with g_^ ^ 9l \ • For frozen solution/polycrysta- 
lline spectra <[ g )> = l/3 (g ji +2 go.) and = l/3 (A + 2 b) . i 

The close agreement between the frozen solution/polycrystalline 
sample and dichloromethane solution values of ^g^ and ^ A^ for 
diimine complexes provide a strong evidence for the fact that the 
same species are present in both. Furthermore, agreement in the 
case of indicates the same sign for both A and B. 

All the cyclothiazeno molybdenum (V) compounds reported 

I 

herein give an easily observable spectrum at room temperature. As 
discussed earlier, it is believed that the unpaired electron is i 
in dw^, orbital which is well separated in energy from other d | 


orbitals . 
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AssTiming symmetry ( vide Infra ) , of the many molecular 
orbitals formed by the overlap of metal orbitals, p orbitals of 
nitrogen, chlorine and sulfur, those which are necessary for the 
discussion of the ESR spectra are the ones which transform them- 
selves into b^, b 2 and e representations. The LCAO-MO functions 
for the orbitals are: 


ha*> 


l"xy / 


(6) 

w:) 

' = 

Id 2 21 

1 X -y/ 


(7) 

1 o 

= £ 

Id, ,d 

1 xz y 2 

) l‘^’ex,ey^ 

(8) 


where ^ are the ligand group orbitals of appropriate symmetry. 

The starred orbitals are antibonding orbitals. These basis 

functions are perturbed by the spin— orbit coupling, Zeeman and 

hyperfine interactions. The ESR parameters may be expressed as 

functions of coefficients of these orbitals. We have used the 

expressions derived by D.eArmond et al. (cf . Appendix A— III) . 

We have also attempted to calculate the molecular orbital coeffi— 

36 

cients using expressions of Kon and Sharpless (cf. Appendix 

A~IV) who have derived them by including the transition b^ (bond— 

★ 

ing orbitals) ^ b^ and ignoring overlap terms. The results, 

thus obtained are compared. In the expressions, the notations 

have their usual meanings. The value of the Fermi isotropic 

3 V 33 

interaction, k (Kappa) was obtained from the equation. ' 
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<A)> = -Pk. -(2.0023- <g> )P (9) 

The spin orbit coupling constant for was taken to be 

3+ 

that of Mo since the effective charge on molybdenum is expected 
to be less than its oxidation number by two units and has been 

— I OR OQ 

shown to be 820 cm . ' (we have also compared the results of 

the calculations using lower values of X^^ (515 cm~^) as obtained 
from magnetic moment data). The spin orbit coupling constant para- 
meter X^ for nitrogen is the one given by McClure. The values 

of the electronic energy transitions for b 2 * ^ ^i* ' ^2* ^ 

★ 

^1 ^ ^2 been evaluated from the electronic spectra of 

the compounds ( vide infra ) . The overlap integral values have been 

39 

assumed the same for our system as used by Manoharan and Rogers. 
Though our system is entirely different from the one described by 
them and one would not expect overlap integrals to be the same, it 
seems reasonable to accept them as such. Moreover, the values of 
the bonding coefficients were not significantly altered when the 
overlap integral values were changed one at a time to the extent 
of + 0.04 (total change of 0.08) . This indicates that the assumed 
overlap integral values are possibly correct. Since we have made 
several assumptions in the calculations, the bonding coefficients 
thus obtained will not be highly accurate but we believe that they 
will have the correct order of magnitude. 
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• 35 

With the aid of the equations , the bonding coefficients 

were calculated for [Mo(N 2 S 2 )Cl 2 bipy], [mo(N 2 S 2 ) Cl 20 -phen] 
[Mo(N2S2)Cl2(Py)2] an iterative procedure using parameters 
given in Table V.2 (cf. Appendix A-III) . A similar iterative 
procedure was used to calculate the bonding coefficients with the 
help of equations given by Kon and Sharpless^® (cf. Appendix A-IV) 
using the same parameters (Table V.2) , The results are given in 
Table V.3. 

Though the values obtained by using different set of equati- 
ons derived by different workers using various assumptions and 
different values were slightly different but the (qualitative 
picture they provide about the nature of bonding in these complexes 
is the same. However, if one ignores the overlap integrals and 

does not consider b^ ^ transition term in the ecjuations 

of Kon and Sharpless, the values of and £ are lowered apprecia- 
bly but the value of remained practically the same. 

From the results compiled in Table V.3/ one can draw follow- 
ing inferences . 

(l) The value of coefficients for the metal part of the 

in plane it bonding between metal 4 d^^ and ligand n orbitals lie 
between .93-. 98. This indicates that the amotint of in plane Jt 
bonding is very small. This is expected since in the trans 
structure or the nitrogen atoms of the ligands like 

bipyridine, o-phenanthroline or pyridine do not have orbitals 



available for bonding but do have in the cis structure. This 
further substantiate our assumption of axial distortion in the 
complexes . 
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(2) The value of )S^/ which indicates the extent of in plane 
bonding between the metal d^ 2 __y 2 orbitals and the ligand cr orbi- 
tals appears to be relatively more sensitive to the changes. 
However, the values obtained either f rom D.eArmond ' s equations or 
from Kon and Sharpless 's equations# reveal a high degree of co— 
valency, in theMo-N bonds. This can be accounted for by the fact 
that ^232 is an electron rich system and should be highly polari— | 
zable . It is therefore expected that o'electrons present on 
terminal nitrogen atoms should be highly polarized by Mo(V) which 
has very high ionic potential owing to its +5 charge and small 


radius . 


It is further substantiated by the fact that Mo ^ 


ring in the complex may be taken as a derivative of ion in 

+ +5 

which one of the S ion is siibstituted by Mo ' ion having relati- 
vely higher polarizing power than S^. ^ 3^3 <r bond, 

one therefore expects relatively more covalency in Mo— N bonds than 
S— N bond. Furthermore, ligands like bipyridine, o— phenanthroline 
and pyridine are highly basic in nature. 


(3) The value of £ is a measure of the extent of out of plane Ti— 

bonding between the metal 4 d and 4 d orbitals and the ligand 

xz yz 

71 orbitals. The low value reveal the extensive out of plane 
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TC-delocalization from the equatorial ligands to molybdenum d^^ and 
dyj; orbitals. This is apparently the result of the proximity of 
the empty and dy^ orbitals on the metal to the full p orbitals 
on the nitrogen atoms or to the fully occupied antibonding n* orbi— 

3—. 

tals of the N2S2 ion. dxz and dyz will partake equally strongly 

with the formation of highly delocalized out of plane bonds like 

benzene or ^2^3 ion. This fact is very well proved by the fact 

that in the molecules like [mo (N2S2) Cl^ 12^ [Mo (N2S2) Cl^ ]2"+‘-~S2N2 

and [mo (N 2S2) Cl^ (Py) ] » Mo— N bonds have very high double bond 

character It is because of this out of plane interaction 

between d / d orbitals of metal and the fully occupied ligand 
★ 

antibonding Tt orbitals which may be responsible to bring antibond— 
ing character in d ^^ , d^.^ orbitals and raise them above the metal 
d^ orbitals as discussed earlier. 

( 4 ) In our system, it is found that • it must be related 

to the nature of the bonding. This can be explained by asstiming 
(a) relatively low lying excited electronic configuration in which 
the electron from the filled molecular orbital is excited to the 

half filled orbital, e.g. b^ ^ b2 or/ and (b) the spin orbit 

interaction of the ligand (very low value of X^) . Either one 
or both of the factors may be responsible for making gj.^gn . We 
emphasize here that in making gi.^ g H / it is the entire term 

(-Xt0o’ 3-, ') which is important and not the individual values of 

L ^2 1 


each factor. 
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From the bonding coefficients explained above, it is not 
inappropriate to calculate spin densities on each N atom quan- 
titatively. The unpaired electron population on all the four N 
orbitals has been calculated by the Mulliken Population analysis"^^ 
(Table V.3) . Their values are in the order Mo-o-phen ^ Mo— bipyj> 

Mo— Py , 

A limited amount of information on the electronic structure 

of the complexes has been obtained from the data we have got from 

IR, electronic spectral, magnetic susceptibility and ESR data. 

These reveal axial asymmetry in the complexes. Assuming symme— i 

try, the ground state is b„ (d ) . The lone electron is found only 

z xy 

a little over the ligand molecules in the equatorial plane, d 

xz 

and d orbitals appear to be engaged in out of plane bonding with 
yz 

the ligand 71 orbitals. This corroborates the double bond character 
of the Mo-N bonds in [Mo(N 2S2)C12]2 and [mo (N 2 S 2 ) Cl^ ] 2 “A^“S 2 N 2 • We | 
believe that in making out of plane bond, d , d orbitals are 

X2 

3— ; 

not only involved in interacting with the orbitals of N 2 S 2 ring 

★ 

but the electrons are also delocalized over 7t orbitals of the 
bipyridine, o-phen an thro line or pyridine moieties providing a 
completely delocalized n system over the atoms in equatorial plane. 
This will make all the four nitrogen atoms equivalent. and 

Ag^ could be used to determine the extent of spin— orbit mixing 
of the antibonding states with the ground state. The anisotropy 
of the metal-nuclear hyperfine interaction has been shown to be 
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related to the molecular orbital coefficient of the ground state 

—.3 

and to ^r ^ for unpaired electrons. The spin orbit effects 
arising from the presence of ligand character in the wave— functions 
describing the magnetic electrons implies that electron . spends 
sometime in the region of ligand nuclei. 
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ablev.l Magnetic Susceptibility data 

“caloa/B-”-) 


[Mo(N2S2)Cl2bipyJ 

1.71 

1.74 

[Mo(N3S2)Cl20phenJ 

1.73 

1.76 

[Mo(N2S2)Cl2(Py)2J 

1.73 

1.76 

7 ^ P- includes Tip and 

Diamagnetic correction. 



» calculated by the eouatlons given in Ref. 34 


Y 
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Table V. 2 Parameters used in calculating bonding coefficients 


I ^ r 1 

Parameter ! Mo(N^S,)cl 2 bipyJ | Mo(N 2 S 2 )Cl 2 ophenJ | Mo(N2S2)Cl2(P3 


3u 

1.9498 

1.9498 

1.9493 


1.9650 

1.9647 

1.9653 

<g> 

1.9605 

1.9617 

1.9600 

A ( cm ^ ) 

.007475 

.007275 

.007575 

B (cm“^) 

.002675 

.003025 

.002875 

<A> 

.004400 

.004575 

. 00444 

A Mo ( cm” ^ ) 

820 

820 

820 

^ M ( cm ^ ) 

70 

70 

70 

^ S (bp — ^ (cm 

21100 

21825 

21592 

AE(b 2 — > e) (cm~^) 

12300 

12578 

12603 

AE(b^ — (cm~^) 

16100 

16150 

16300 

Sb2 

. 12 

.12 

.12 

Sb^ 

.16 

. 16 

.16 

Se 

.20 

.20 

.20 

K 

.8 

.82 

.78 

P 

-.0055 

-.0055 

-.0055 





Using tho Equations of DeArmond et al. 
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(2) [Mo(N2S2)Cl20-phen] 



INTENSITY 


1 < 



MAGNETIC FIELD (GAUSS) 

Pig,V ,3 ESR spectra of [mo(N 2S2) Cl2bipy] in CH2CI2 at 298 K. 
( .) Experimental (- — ) Simulated. 



INTENSITY 


166 



magnetic field (GAUSS) 


Plg.V .4 ESR spectra of [moCn s )n 1 -t 

1^0^382; Cl2bipy] in CH2CI2 at 77 K. 

'■ ' Experimental (• ) simulated. 



L6 



MAGNETIC FIELD (GAUSS) 

Fig.V.5 ESR spectra of [mo (N^S o) Cl 20 -phen] in CH 2 CI 2 at 298 K. 
( ) Experimental ( 


) Simulated. 
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Fig.V .6 ESR spectra of [mo(N 2S2) Cl20-plTen] CH2CI2 at 77 K. 
( ) Experimental ( ) Simulated. 
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MAGNETIC FIELD (GAUSS) 

Pig-V.7 ESR spectra of polycrystalline [mo (N 2 S 2 ) Cl^ (Py) 2 ] at 298 Ki 
( ) Experimental ( ) Simulated. 
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Fig.V.a structure of 

<1) [«°(N3S2)cl2(Py)2] from tef.6 

(2) [Mo(N 3 S 2 )cl 2 blpy] - proposed. 



Chapter — VI 


Reactivity of Trlthiazyltrichloride Towards 
Arene Tricarbonyl Molybdenum (0) Complexes 

The reactivity of trlthiazyltrichloride with transition 
metals and their compounds is an active area of research which is 
well reflected in the synthesis and characterization of a reasonably 
large number of metal complexes obtained as a result of such reacti- 
ons. Despite the considerable growth, these reactions appear to be 
unusual in the sense that the nature of S— N moiety coordinated to 
the metal center is sensitive to the reaction conditions and varies 
with slight change in any of the factors governing the reaction. 
Besides, the mechanistic aspects of such reactions are in embryonic 
state. It is, therefore, thought that further investigations in 
this direction may be highly rewarding. In this context the reacti- 
vity of trlthiazyltrichloride with several T]^-arene tricarbonyl 
molybdenum (0) complexes has been studied and the results are presen- 
ted in this chapter. 
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E^cperimental Section 

All the chemicals used in these reactions are of chemically 

6 1 
pure grade. The rj -arene tricarbonyl molybdenum ( 0) complexes'^ 

(arene = benzene# toluene# xylene# anisole# mesitylene and hexa— 

methyl benzene)# trithiazyltrichloride (NSCl) ^ and [Mo(N S„)- 
3 

^^3^2 prepared by the literature methods. The analytical 

procedures for characterization of the complexes IR(KBr) # magnetic^ 
measurements and X— ray powder pattern were done by the methods 
described in earlier chapters. 

Procedure 

A typical reaction of ArMoCco)^ was carried out as follows^ i 

A saturated solution of (NSCl) ^ in dichloromethane (10 ml) was 

added dropwise with stirring to 10 ml solution of ArMoCcO)^ (0.5 

mmol) in dichloromethane whereby gas evolution occurred with the 

formation of brown precipitate. After the gas evolution had 

totally ceased, the precipitated brown compound was filtered# 

o o 

washed with dichloromethane and petroleum ether (40 —60 C) . The 
product was dried vacuo (yield, 95%) . The same reaction was 
repeated with all the arene complexes at different temperature 
(upto -~78^C) . In every case the same complex was isolated which 
was identified as [mo(N 2 S 2 ) Pound N# 13.2; Cl# 35.1; 

S# 19.9; Calculated for [mo(N 2 S 2 ) Cl 2 ] 2 ' N# 13.6; Cl# 34.8; S#20.7; 
IR(KBr): 950(vs) , 340(vs) 
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VI .2 Results and Discussion 

The oxidative decarbonylation of various ArMo(C0)2 by 
(NSCl)_ proceeds with an immediate formation of [mo (N^S o) Cl^ lo at 
wide range of temperature (35° to -78°c) . Analogous oxidations 
of arenetricarbonyl molybdenum(O) complexes using and NOCl as 
oxidants have been reported earlier. ' ' Relatively weaker oxidiz- 
ing agents# such as l 2 » lead to the formation of products having 
both arene and carbonyl groups bonded to the metal center v/hile 
comparatively stronger oxidizing agents / such as NOCl/ yield an 
intemnediate [mo (CO) (NO) 2 CI 2 ] having no coordinated arene group 
but carbonyl groups . 

Trithiazyltrichloride oxidations of arene tricarbonyl 
molybdenum ( 0 ) afford a product having neither arene nor carbonyl i 
groups bonded to ' the metal. All efforts to isolate an intermediate 
similar to [mo (CO) 2 (NO) 2 CI 2 ] even at lower temperatures failed 
which could possibly be due to high reactivity and high oxidizing j 
power of (NSCl ) 2 ( vide supra ) . The latter was further substantia- 
ted by the observation that the substituted arenes with electron 
donating groups stabilize the [Ar(C 0 ) 2 Mo] moiety/ as reflected by 
tlie considerable differences in the rates of reactions between 
NOCl and arene complexes. Besides/ inspite of relatively lower 
rates of reactions of [ArMo(C0)2] Ar = mesitylene or hexamethyl 
benzene compared to when Ar = benzene or toluene/ the reactions 

of (NSCl)^ with all the arene complexes were instamtaneous unlike 
3 
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9 

the reaction pattern of and NOCi. In these reactions/ trithi 
azyltri chloride thus exhibits three functions (i) providing ^^32 
ligand coordinated to molybdenum/ (ii) oxidation of metal to +6 
oxidation state and (iii) chlorinating the metal ion. These 
functions though are known in literature/ but the factors that 
are responsible for the differences in the behavioxs of (NSCl)^ 
with different metal ions or their complexes are still obscure . 
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Chapter - VII 

Sununary and Scope for Future Work 


The bidentate nitrogen aromatic heterocyclic ligands are 
one of the more favorite ligands of inorganic chemists in recej 
times. Interest in bi/polymetallic complexes having these bride 
ing ligands arise from the fact that these complexes (generally; 
photoinert) possess a highly absorbing MLCT transitions in the 
visible spectrum and undergo emission in solution. These propel 
ties make such complexes ideally suited for the study of bimole-r 
cular v/ater splitting or energy transfer processes, ; 


Anot-h<'i‘ area of profound interest is the study of chemist 
of sn 1 iur--ni tu'oqon compounds. Evers ince the realization of the i 
anino'tropio propr;, rules associated with (SN) polymers/ the sulfui 
niurogen ciasmistry has progressed enormously. Transition metal i 


complexes with S-M species as ligands are important because they! 

2 - 

staliiizc* U;e unstable S-h species like RSCl , S2N2» ' 

through coordination and Ikave the potential of forming low dimen^ 


onal no! yin- c-'mpli-'xes . Everthough numerous complexes of 



transition metals having various coordinating S-N species are 3 
ted and well characterized, there is still no reagent available 
for the generalized synthesis of these complexes* Besides, no 
effort has been made to understand the nature of bonding of the 
metal ions in these species. It was therefore felt interesting 
initiate some work in the areas because of the importance of th 
polymetallic systems and the complexes with sulfur-nitrogen 
compounds . 


The syntheses and other detailed studies have been carri« 
out on the bimetallic complexes of Group 6 carbonyls having a, a" 
diimine as the bridging ligand. The ligands, p— phenylene bis— 
(picolinaldimine) [PBP] and p-biphenylene bis (picolinaldimine) 
[bbp] have been used as they have highly delocalized 7T— framework 
similar to bipyridine and o— phenanthroline . The complexes of th 
type [m (CO) ^ J^PBP/bbp were synthesized and characterized by IR, : 
UV-VIS and other related techniques. The reactivities of [m(CO); 

PBP/bbp towards n-acid ligands L’ [l' = PPh. , AsPh_, SbPh_ , Py, : 

S 3 3 \ 

Diphosj have been studied to examine the effect of the 7£-acidityi 
of the ligand L' on the properties of [m(CO) J 2 PBP/BBP, formedi 
after the reaction, in the complexes has been assigned on i 

the basis of Cotton-Kraihanzel method. These complexes displayed 
highly interesting electronic spectra. The MLCT band which exhii 
ted negative solvatochromism has been shown to correlate with the 


various solvent parameters and with the positions of the v, 


effect of n-acid ic properties of the coligand, L’ is also reflect^ 
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on the energies of the MLCT transition. Their electrochemical data 
indicated the possibility of two electron reduction of the ligands. 
The redox behaviors of [mo (CO) ^J^PBP/bbP were also studied chemi- 
cally. The fact that these complexes have MLCT band energy lower 
than the energy of the ligand field excited state (photoinert) and 
underwent emission in solution make such studies more interesting. 
These results have been compiled in the chapter II of the thesis. 

The remaining chapters of the thesis describe the studies 
on syntheses, characterizations and nature of bonding in complexes 
of Group 6 metals having sulfur-nitrogen ligands. 

Chapter III gives the synthesis of chlorothionitrene and 
cyclo disulfurdinitride complexes of Mo, W and Cr respectively. 

The chlorothionitrene complexes of Mo and W in +5 oxidation state 
were synthesized by the reactions of trithiazyl trichloride on 
[m(CO)^(L-L)] [(L-L) = bipy, o-phen]. The coordination mode of 
NSCl in the complexes was identified by the infrared spectral data 
and their chemical behaviors. The magnetic properties were studied 
using the results of magnetic susceptibility and ESR spectral data 
of these complexes. The magnetic susceptibility data suggested the 
reduced value of the 'orbital reduction factor, k' and thus suggest- 
ing the symmetry of these complexes lower than . Besides chara- 
cterization, the electronic spectra of the chromium complexes 
were analyzed in detail, from which the ligand field parameters, 

10 Dq, 8^5 and 8 ^^ were calculated. On the basis of their values 
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O35 ^55^ ( < 1)/ the relative contributions of cf- and n- 

characters in the metals ligand bonds have been derived. 

Chapter IV is the extension of the chapter III where it 
was shown that the metal ions in M(II) complexes (M = Mo, W) get 
oxidized with trithiazyl trichloride to metal in +6 oxidation state 
during the reactions » They yielded chlorothionitrene complexes of 
the type [m(NSC 1 ) Cl^X ' (L-L) ] from [m (CO) (L-L) ] [l-L = bipy, 

o— phen^ X^ = ^ 2 * ~ Br] . Thermolysis of the chlorothio- 

nitrene complexes yielded polymeric nitrido complexes. The same 
thionitrene complexes were also obtained by the reactions of bipy/ 
o-phen with [m(NSC 1 ) Cl^]2 whose crystal structure has already been 
published in the literature. The chemical and other spectroscopic 
results confirmed the presence of thionitrene group in the complexes . 

Chapter V embodies the reactions of diimines (bipy and o- 
phen) and pyridine with [mo (N^S^) Cl^ and [mo(N 3S2)C13]2“ iti-S2N2. 

Both the reactions yielded [mo (N3S2) CI2 (By) with Mo 
in +5 oxidation state. However, the yields of the products was 
much lower ( ^ 20 ii) when the former complex was used as starting 
material. In the latter case, the yield was found to be 80 % . 

The enhanced yield in latter reactions has been attributed to the 
presence of S2N2 ™°iety. It was presumed that the extra electrons 
for the reduction of Mo from +6 to +5 oxidation state were provided 
by the S2N2 species containing 7 I* electrons. The latter itself got 
oxidized to uncharacterized S-N species which didnot coordinate 
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to the metal center. The ESR and. the electronic spectra of the 
complexes were characteristic of the octahedral complexes with 
axial distortion. The same conclusion has been reached from the 
magnetic susceptibility data. The analyses of the molecular 
zeeman tensors (g and A, respectively) have been carried out by 
fitting computer simulated line shapes (Gaussian) to the experi- 
mental spectra. The anisotropic spectra was characteristic of 
gi^g\\ . Prom the shifts of the g values and using the electronic 
transition energies, the molecular orbital coefficients for the 
in— plane cr and Tt— bonding and out of plane n— bonding orbitals were 
evaluated These values indicated a high degree of covalency in 
the metal nitrogen bond of N^S 2 ring. It is also suggested that 
the electron is mostly present in the d^,. orbital and is only 
partially delocalized over the ligands in the equatorial plane. 

Chapter VI gives the results of the oxidation reactions of 
the arene tricarbonyl molybdenum (0) complexes with trithiazyl tri- 
chloride, at room and low temperature (— 78°C) . • The results 
have been compared with those of the oxidation reactions of arene 
tricarbonyl molybdenvim(O) using NOCl and I^ as oxidizing agents 
under similar reaction conditions. The effect of the substituent 
groups on the arene ring, on the reaction rates has also been 
explored . 

The work described in the thesis could further be extended 
in the following directions: 
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(i) It has been indicated in the beginning of the chapter that 
the binuclear complexes have gained attention in the recent 
past because of their importance in energy transfer proce- 
sses, cooperative reactivity between the metal centers, 
electron transfer from one metal center to the other through 
the bridging ligand, photocatalyzed water splitting processes 
etc. As the ligands chosen in the present work have conjuga- 
ted 71— bond system, they can make the electron transfer 

process facile through the conjugated doioble bonds. So a 

II II III 

systematic study of the synthesis of Ru — L— Ru , Ru — L— 

III II III 

Ru and Ru -L— Ru could be planned. 

(ii) The characteristically small HOMO-LUMO gap found for the 
electron rich sulfur— nitrogen rings suggest photochemical 
activity. Although, there has been no major effort to 
study the photochemistry of these compounds, a study in 
this direction is warranted. 

(iii) Though a large number of complexes having S-N ligands are 
known but there has been no effort to understand the 
mechanistic details of these reactions. A kinetic study 
of these reactions is an open area for further work. 

(iv) A change in the emphasis towards an attempt to understand 
the unique properties of complexes having S— N ligands may 
possibly take the scientific achievements to the forefront 
of coordination chemistry. 
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(v) The role of coordination complexes containing sulfur 
ligands in relations to bio— inorganic chemistry and 
heterogenous catalysis may provide an incentive to work 
in the latter areas . 

Besides# the problems described in the preceeding paragraphs# 
a few more areas in which one can work are the following: — 

1. MO calculations of electronic structures of various coordinat- 
ing S— N species . 

2. The redox behavior of these electron rich systems. 

3 . Investigations of reactivity of the coordinated S— N species 
towards electrophiles# nucleophiles and unsaturated substrates. 

4. The directed synthesis of transition metal S— N polymers with 
interesting solid state properties. 



APPENDIX 


Equations used for the calculations of various parameters. 

A. I Cotton Kraihanzel method for the assignments of various carbonyl 

1 2 * 

stretching modes. ' 

Approximate Secular Equations 

A^(l) Ui (k2+2k^)-X 
A^(2) 2hk^ M (k^+k^)-X 

X = M(k2-2kj,) 

B 2 X = h(k^-kj_ ) 

A(1) ju,k.— X y2k . jui 

=0: 

A (2) y2k^ )a(k2+kjhX 

B X = p. (k2-kj^) 

* “1 

Force constants in dynes cm . p = reduced mass of the CO group, 

—2 2 

viz. (16.00 + 12.01)/ (16.00x12.01) = 0.14583} X = (5.8890x10 )v , 

V = frequency in cm 
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A. II Program for simulation of ESR Spectra 

Computer program developed by Raghunathan and Sur^ was used 
for fitting computer simulated line shapes to the experimental 
spectra . 

A. Ilia Equations used for the evaluation of the molecular orbital 

4 

coefficients/ derived by DeArmond et al. 


(2X fi 13 -X 

g,. -2.0023= - 2 (2g^8 -28. 'S. 

' ^ AE(b^b^) J ^ 2 ^2 2 1 12:^ 


A 

P 


k8 2 + 10 2 + 2.0023-gn + 4(2.0023-gi) - " - j 0p£ ' S +£ 0 ' S. ) 

2 7^ " ^ AE (b2‘> e) 2 


+ (2 (20 0 'S +20 0^'S +0. *02')/ 

AE(b*2->b*)/ 2 1 b^ 1 2 b2 1 2 


B 

P 


, „ 2 2„ 2 1 !,„ V, 11/ ^M^2^ 

k02 “ 7/^2 (2 .0023— go.) + 


7 \aE (b:-> e*) 


( 0 „£’S +£ 0,5 'S. ) 


* V *S 
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3 Computer Programme for the calculation of 


^ 1 ' ^2' ^ * 


C 

C 


c 

c 


c 


501 

502 


C 

C 


C 

C 


50 


lOO 


C 

200 


INTEGER H,N,IW(10) .LIW.LW.IFAIL 
REAL XC3),FSIIMSQ(43,W(10o 5 
EXTERNAL LSFUNl * ' 

BONDING PARAMETERS FROM THE EDUATIOHS OF DeARMOND ET AL., 


READC20,*) GPL.GPO.APL, APD 
READ{20,») P.RK, DEBS, DEES 
READC20,*) ZM,ZL,SB1,SB2,SE 


M = 3 
M = 4 
LIK( = 10 
LW = 100 
I FAIL = 1 

REA0(20,*) XC1),X(2) ,X(3) 

CALL E04FDF(M,N, X ,FSUMS0,1W,LI W, W,LW, IFAIL) 
WRirE(5,501J IfUl, 

WRirE(5,502) X(1),X(2) ,X(3) 

STOP ■ 

F0RMAT(5X,"’IFAIL = ',12) 

FORHATCSX, 'SOLUTION : ',3F5..3) 

END 


SUBROUTINE LSFUN 1 ( M , N , XC , FVECC3 
INTEGER M,N 

REAL XCC3),FVECC(4) ,D1,D2,D3 

COMMON /VAL/ GPL, GPD, APL, APD,ZM,B1 ,B2, EPS, DEES, DEBS, deb, P,RK,CT 
1 ,6P1,BP2,SB1,SB2,SE:,EPSP 


B1 = XC(1) 

B2 = XC(2) 

EPS = XCf3) 

IFCB1.LT.O,O.OR,B2.LT.O,D,OR,EPS,LT,0,0) go TO 50 
D1 = 1,0 - (1,0 - SB1»»2) » 81»»2 

02 = 1,0 - C1,U - SB2»*2) * B2*»2 

D3 = 1,0 - (1,0 - SE»^2) » EPSV42 

IF(D1 ,GE,0,0,AND,D2,GE,0,.0. AND,03,GE,0,0) GO TO 100 


SQRT(DI) )/l,0 
SDRTIOZ) )/l,0 

SORT(D3))/1.0 


rvECC(i) = 1, 

FVECC(2) = 1, 

FVECC(3) = 1, 

FVECC(4) = 1. 

GO TO 200 
BPl = CSB1»B1 ' 

BP2 = (SB2»B2 ■ 

EPSP =. (5E»EPS 
WRriE(5;*) B1,B2,EPS 
FVECC(i 5 = GPL - 2,0023 + 2 , •» ( 2 , »ZM »B1 ♦B2-ZL* BPl ♦BP2 ) 

1 (2,»B1*B2-2,*B1^BP2»SB2-2,J»'B2^BP1 fSBl -BP1»BP2) /DEBS 

FVECC(2) = GPD - 2,0023 + 2 , »ZM ♦B2»EPS» ( B2*EPS-b2»EPSP^'SE 

FVECC(3)^=*APL^p'^ + ^RK’<'B2»*2 + 4,^B2»»2/7,' + 2,0023 - GPL 

1 + 3,J«'(2,0023-GPD)/7,. + 6 , /7 , i»ZM»B2’<'EPS^( B2»EPSP*SE + EPS»BP2* 

2 SB2)/DEES + 2 , » ( 2 , B 1 » B2-ZL»BP 1 *BP2 ) ♦ ( 2 , »B2*BP 1»SB I + 

3 2,*BI*BP2»SB2 + BP1»BP2)/DEBS ^ ^ ^ 

FVECC(4) = APD/P + RK'^B2*'»2 - 2,/7,»B2»*2 + 1 1 , /1 4.^ ( 2,0023» 

1 GPD) + 1 1 , /7 ,^^ZM»B2»EPS» ( B2»EPSP»SE + EPS*BP2*SB2) /DEES 
WRITECS,*) FVECC(1),FVECC(2),FVECC(3),FVECC(4) 


RETURN 

END 
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A.IVa 


Equations derived by Kon and Sharpless 


5 


(gi^/2.0023)-l= -(1/E(b2fb*) 


(1/E (b^-)b* ) x(2/3^ • )32 \'^^i^2 ^^^1 ' ^ 2 '^^ 1^2 ' ^ 


(ga./2 .0023 ) -1 = ^^2* 0 


A/P = - ^32^ - k,02'-8Xj^P2^^/' 




V o 2 2 

6 ^M^2 ^ 


\E (b2 — ^ b^) ^ ^ ^2v E (b2*^ e ) 


B/P = ^ ~i‘ 


7^2 


A.IVb Computer program to evaluate the parameters/ ^±'^ 2 '^ * 
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C 

C 


C 

C 


C 


SOI 


S02 


C 

C 


C 

C 


50 

100 


C 

C 

C 

200 


INTEGER M,N,IW(10) ,LIW,LW,IFA1L 
REAL X(3),FSUM5Q(4J ,W(J0O) 
EXTERNAL LSFUNJ 


READ(20,») GPL,GPD,APL,APD 
READ(20,*5 P.RK.DEBSrDEES.DEB 
READ(20,») ZM,ZL,SB1 -SB2,SE 

CrLCULATlON OF BONDING PARAMETERS USING THE EQ, OF KON-SHARPLE 

N = 3 
M r 4 
LIW =10 
LW = 100 
IFAIL = 1 

READ(20,») XCn ,X(2) ,X(3) 

CALL E04FDF(M,N,X,FSUMSQ,IW,LIW,W,L(i/,1FATL) 
wRirEC5,50i) irkiL 
^RITEtS^SOZ) X(l) ,X(2) ,Xt3) 

STOP - ' ' ' 

FORHATCSX, “'IFAIL = ',12) 

FORHATCSX, 'SOLUTION' : ',3F5.i3) 

END 


SUBROUTINE LSFUN 1 ( M , N , XC , FV ECC.) 

INTEGER H.N 

REAL XCO) f FVECCC4) ,D1 ,D2-D3 

COMMON /VAL/ GPL, GPD.APL # APD , ZM , B 1 , B2 , EPS , DEES , DEBS , DEB , P , RK , Zl 
1 ,BP1,BP2,5B1,SB2,SE,EPSP f f * 


B1 = XC(l) 

B2 = XC(2) 

EPS = XC(3) 

IFCBl .LT.0.0.OR.B2.LT,O.O,OR,EPS, LT,i 0,O) GO TO 50 
D1 =. 1.0 - (1.0 - SB1»»2) Bl»»2 

02 =1.0 - (1.0 - SB2*»2) » B2»*2 

03 = 1.0 - (1.0 - SE»*2) » EPS’*=»2 

IF(D1 .GE,0.0.AND.D2.GE.0.0. AND.D3.GE.0.0) GO TO 100 
FVECC(l) = 1. 

FVECC(2) = 1. 

FVECCp) = 1. 

FVECCU) = 1. 

GO TO 200 

BPl = (SB1*B1 + SQRT(D1))/1,0. 

BP2 = (SB2»B2 + SG>RT(D2))/1.0 
EPSP =. (SE»EPS + S0RT(D3) )/l.D 
WRITE(5;t) B1,B2,EPS 

FVECC(l) = GPL -( 2.0023 -( 2 .» (2 . »ZH*B1 ♦B2-ZL*BPl ♦BP2 ) » 
1 (2.»B1»B2-2.»B1»BP2 »Sb2-2.'*B2»bM ♦S B1 -2 . *BP1 »BP2 J / DEBS 
1 ■K2.»ZM»BPl»B2 + ZL»Bl»BP2)»(2’»‘BPl*B2 + fll*BP2D/DEB) ) 


FVECC(2) = GPD - 2.0023 +( 2 .4ZM» B2 tEpSt ( B2»EPS-B2 »EPSP*Se 
1 -EPS*BP2»SB2)/DEES) ^ ^ 

FVECC(3) = APL/P + RK>»B2*»2 + 4 62 2/ 7 .' + B.iZM4B2»*2 

1 »(Bl»t=2/DEBS-BPl»*2/DEB) +( b ,/ 7 . ♦Z M* bS^* 24EPS4*2 ) /DEES 
FVECC(4) = APD/P + RK4B2*»2 - 2,/7.*B2^^2 + ll./14,'!t^(2.0023- 
FVECC(4)=APD/P+RK»B24:»2-2.»B2*»2/7. + ( 1 1 ./7 ( ZM» B2 2 + EPS+f 2/ 


1 .iEpd) H 1 1. /7. ♦ZM»B2»EPS 4(82 ♦EPS P*SE + EPS^BP2»SB2) /dees 

iyillTEC5,») FVECC(l) ,FVECC(2) ,FVECC(3) ,FVECC(4) 
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